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Several clinical workers in the later 1930's reported that vita­
min E was of positive therapeutic value in.the treatment of primary 
fibrositis. At that time a role for vitamin E in connective tissue 
metabolism was proposed. This role was never substantiated b�cause of 
the failure of other groups to repeat the original work. It was subse­
qently realized that the original experiments were very poorly controlled 
and there was no real way of knowing whether or not the results obtained 
were due only to chance. Since that time the id,a of a vitamin E, col­
lagen relationship has been generally discredited. 
In more recent years, knowledge has been expanded both in the 
areas of collagen biogenesis and.the physiological role of vitamin E. 
Contained in this expanded knowledge are several isolated facts which- in­
dicate some role for vitamin E in collagen metabolism. 
It has been found that the synthesis of the subunits of the 
triple-stranded collagen molecule proceeds by the same route as that 
of the soluble proteins. It was found by different groups that vitamin 
E deficiency ·results in an increase in desoxyribonucleic acid (DNA) in 
several tissues. It was also shown that there was an increase in the 
uptake of glycine by muscle tissue in avitaminosis E. 
It is known that the synthesis of collagen in certain tissues is 
very sensitive to vitamin C deficiency. Avitaminotic C animals do not 
1 
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synthesize as much collagen as do their controls . The possibility of 
avitaminoic E animals exhibiting a secondary vitamin C deficiency was 
indicated by the finding that liver homogenates derived from vitamin E­
deficient rats did not convert glucuronic acid to ascorbic acid as readily 
as did those from.their controls . The secondary vitamin C deficiency 
could result in a decreased collagen synthesis. 
More recent advances in:the knowledge of the mode of action.of 
vitamin E have indicated that vitamin E deficiency results· in a decrease 
in the rate of sulfate upta�e by sulfomucopolysaccharides . Decreasing 
the amount of dietary sulfate causes an intensification of vitamin E­
related changes in. mucopolysaccharide metabolism with a concurrent re­
duction in the amount of hexosamine present in.cellular lipoproteins. 
It was shown.that treatment of an animal with cortisone caused a failure 
of sulfomucopolysaccharides to be sulfated and also of mature collagen 
fibrils to be formed. Lathyrism, a condition which produces a failure 
in sulfomucopolysaccharide sulfation, also results in failure of col­
lagen.fibrils to mature. This raises the possibility that there may be 
a failure on the part of collagen in avitaminoic E animals· to mature. 
It appears from.the aforegoing that avitaminosis E could either 
cause a qualitative or quantitative change in collagen·metabolism and 
that the level of dietary inorganic sulfate may exert some influence. 
It is the purpose of this study to determine if a relationship 
could be demonstrated between collagen and vitamin E. 
CHAPTER II 
REVIEW OF THE LITERATURE 
A late 18th century writer, Heberden, (1) drew some conclusions 
concerning. the origin of rheumatism. 1 He believed it to be of a dietary 
origin just as was gout, a disease associated with eating rich foods. 
Certain clinical aspects, namely the persistance of rheumatism and the 
intermittance of gout, caused him.to differentiate the two conditions. 
Heberden, in his writings, did not describe a dietary cure for either 
except to mention that a mineral water, Buxton water, gave some relief 
from rheumatism. 
Early in the 19th century, anatomists noted a relationship be­
tween nutrition and fibro�s membranes. Quain et al. (2) observed that 
when tumors formed beneath fibrous membranes, there was an.increase in 
the exte�sibility of the normally inextensible tissue. Because these 
tumors partially·blocked the blood supply to·the tissues, the-writers 
credited changes in the nutrition of the tissues for the observed changes 
in extensibility. 
During the mid- and late 19th century the possible relatio�ship 
between diet and connective tissue lesions received only pass_ing treat-· 
ment. Pepper (3) reported that various diets, mineral waters and cod-
liver oil were used to treat rheumatism with variable success. The 
1As used by Heberden, rheumatism is what is now called arthritis. 
Arthritis was used to designate gout. 
3 
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value of these reports may be questioned since it was difficult to dis­
tinguish between rheumatism and a variety of other diseases with the tech­
niques available in the·late 19th century. 
The 19th century. ·brought the recognition of collagen as a distinct 
entity together with some description of its properties. Leibig (4) did 
not believe gelatin.to be a protein because there was ·a change in the 
carbon to nitrogen ratio when the parent su�stance was boiled to produce 
gelatin. Carpenter (5) regarded collagen· as only a .breakdown product of 
connective tissue and not as a natural constituent of the. body ... Novy ( 6), 
twenty years later, listed collagen as one of the skeletal or connective 
substances and as an original constituent of the body. 
In the early 19th century· it was known that treating a fibrous 
membrane with· acetic acid would cause.it to sweU and to lose its shape 
(2). It could be converted to·gelatin by·boiling in.water. In 1876 
Carpenter (5) noted that the addition.of acetic acid caused the separa­
tion of the matrix and white fibers2 of connective tissue. The white 
elements �hen swelled and became indistinct as though· they were dissolved, 
Boiling these white elements produced gelatin. 
With the coming of age of Homeopathy. and modern. chemotherapy, in 
the late 19th and first .decade of the 20th century, any suggestion of a 
relationship between diet and connective tissue lesions was pushed out of 
the general picture of medical science. · Jt reappeared in the second and 
2 In the author's terms,.this is the material now called collagen. 
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third decades of th� 20th century ,with the discovery of the vitamins and 
the development of the science of nutrition. 
The relationship between vitamin E and connective tissue was first 
suggested by Evans and Burr (7) when they found that suckling pigs born 
.to mothers deprived of vitamin.E exhibited a spastic paralysis which was 
marked by investment of the offending.muscles with connective tissue. 
True to the tenor of the time, they believed a neural malfunction was 
responsible-for their observations. Goettsch (8) and Goettsch and Pap­
penheimer �9) noted a few years later that a muscular dystrophy could be 
induced in guinea pigs and rabbits by, feeding.diets freed of vitamin E. 
This dystrophy could be reversed by replacing the missing vitamin E in 
the diet. The onset of the dystrophy .was marked by flabbiness of the 
muscle followed by atrophy and paralysis. Calcium-like deposits were 
also noted in the pale-colored, dystrophic muscle. 
Adamstone �10) reported in 1931 that chick embryos deprived of 
vitamin E failed to develop, and in some cases a breakdown of the vas­
cular system was noted. Dam and Glavind (11) noted an.increase in the 
capillary fragility, which was differentiated from.that resulting. from 
vitamin P deficiency, in chicks fed alcohol-extracted diets .. These 
workers later reported that DL-a tocopherol acetate protected against 
these increases in.capillary fragility (12). It is·well-known that the 
vascular system is dependent upon non�elastic collagen for strength and 
integrity �13, 14). In vitamin C deficiency, a state in which there is 
a depressed collagen.synthesis �15�22),·capillary fr•gility is a classic 
symptom. 
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The successful synthesis·and positive identification of vitamin 
E in the late 1930's and the previously mentioned relationship of vita­
min E and muscular dystrophy led some workers to seek a therapeutic .use 
for vitamin E. The result was chaotic . Mar�s (2 3) reported that some 
2000 papers had been published concerning various therapeutic uses of 
vitamin E. In the late·· 1930' s and early. 1940 's there were numerous 
clinical reports that vitamin E in the form of wheat-germ oil or later 
as tocopherol acetate was of positive benefit in treatment of muscular 
dystrophy (24-26), Peyronie's disease (27), primary fibrositis (28-32), 
a variety of neural lesions (24, 33-36), habitual abortion �37), coro­
nary artery disease (37) and skin disorders (38). 
Reports also appeared indicating that vitamin E had no real effect 
on these diseases (39-43). The reports of positive therapeutic v�lue 
for vitamin E suffered an embarrassing lack of clinical controls. There 
was no way of knowing whether the results were due to vitamin E or to 
sheer chance. The failure of other workers to repeat the results, 
coupled with the lack of controls, led to the general discrediting of 
vitamin E as a therapeutic agent of any .merit (43), although reports 
did persist (44-46) that vitamin E was of some benefit in.treating 
patients·with Dupeytren's contracture, Peyronie's disease and rheumatic 
diseases. Steinberg (44) �uggested that derangements in collagen 
metabolism noted in.rheumatic dise�ses may 1:>e the result of derrange­
ments in vitamin E metabolism; however, he offered no experimental evi­
dence for his statement. 
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Despite the chaotic morass of clinical literatu�e, there have 
oeen controlled clinical reports published which suggest a relationship 
between vitamin E and connective tissue. Hauch (46) performed some care­
fully controlled studies on the topical use of vitamin E in the treatment 
of pressure sores which were not ameable to conventional therapy. He 
admitted that this treatment was purely a desperation measure with little 
hope of success. Selected ulcers were treated with a vitamin E oin�ment, 
while other ulcers on the same patient were given conventional therapy. 
At no time could pathogenic bacteria be cultured from any of the sores. 
After one or two weeks the ulcers treated with vitamin E were healed; 
the ones receiving conventional treatment remained open. 
Several experimental reports suggested a relationship between 
vita�in E and collagen. Bartolomucci (47) reported that the addition 
of vitamin E to the diet had no effect on the rate of nealing of experi­
mental fractures in rats, but when vitamin E was deleted from the diet 
there was a retardation of· fracture healing. This report is interesting 
in light of the role of collagen in calcification and formation of bone 
callus (48, 49). Spencer et al. (SO) reported a two-fold increase in 
the collagen content of muscles in nutritional dystrophy which subsided 
with the recovery of the animal. Ferguson et al. (51) reported that the 
eyes of turkey .embryos obtained from eggs of vitamin E-deficient hens 
showed corneal opacity and extensive liquifaction of the lens. The ad­
dition of vitamin E to the hens' diet prevented the appearance of this 
lesion. Collagen. is an important component of the eye (52). Maurice 
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(53) has suggested that.the transparency_of the cornea is the result of 
regular spacing of the collagen· fibrils. If these fibrils are distorted 
by pressure, the cornea immediately,-becomes opaque. Desmet's membrane 
is a peculiar collagenous structure·located in the cornea of the. eye 
which is organized in a. regular three-dimensional form (52). A change 
in the eye such as reported by Ferguson et al. (51) with vitamin E de­
ficiency could be the result of changes in the·collagenous structures. 
There is little direct evidence that a vitamin E deficiency 
caused changes in.collagen metabolism beyond that just presented. How­
ever, there is some indirect evidence to indicate that a vitamin E, col­
lagen relationship might exist. In order to view that evidence in its 
full perspective, it would be well to devote some discussion to the bio­
genesis of collagen. 
Figure 1 shows a schematic presentation of the overall metabolism 
of collagen. The fibroblast, a long, slender, .st�r-shaped cell, which 
is ubiquitous in loose connective tissue and healing wounds, is generally 
conceded (54, 55) to be the cell responsible for the synthesis of col­
lagen and of the ground substance mucopolysaccharides. Gersh and Catch­
pole (56) maintained that the fibroblast was the source of the mucopoly­
saccharides, Asboe-Hanson (57) and his associates (58) presented the vi�w 
that only the mast cell formed mucopolysaccharides. Kennedy (59) demon­
strated in ·an autoradiographic study that fibroblasts played an active 
role in the formation of ground substances, while mast cells played an 
inhibitory role in the formation of ground substances. Mast cells 
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Figure 1. Metabolism of Collagen (54). 
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produced and tended to store heparin while the fibroblast produced and 
secreted mucopolysaccharides including chondroitin sulfate. Crane (60) 
demonstrated that in· active fil;>rilogenesis, fibroblasts utilized sulfate­
s 35 in a manner paralleling celluar activity. 
As Figure 1 shows, much of the metabolism of the immature collagen 
occurs in the cell, although in fairness it must be stated that there is 
considerable controversy concerning the exact role of the fibroQlast in 
collagen formation. Sheldon and Kimbell ( 61) have found units ex.hibit­
ing the characteristic band�spacing of 640 A, which· is ty�ical of cql� 
lagen, in the Golgi apparatus . Porter and Vanamee < 62) and Gross et .. al. 
( 63) suggest that the· formation of polymerized co�lagen occ·urs .extra-
\ 
cellularly, as shown. Yardley and associates (64) have shown in.elec-
tronmicrographs of fibroblast cultures fibrils protruding from .the edge 
of the cell. 
Whether· the finished collagen· fibril is formed in the cell or 
the intercelluar space, it does appear to go through.sev�ral s�ages of 
maturity. The most immature collagen is formed by· the iqtramqlecular 
crosslinkage between two peptide chains or.a units to form a p·unit 
(54, 65-69) . This p unit is crosslinked with another a unit to make 
a complete collagen molecule (54, 65 ). On denaturation with. either he�t 
or urea this complete molecule brea�s down to form one a and one p ·unit 
which may be separated chromatographically (67, 69). It can b� shown 
that in conditions where there is a failure of collagen to mature such 
as lathyrism (66, 70) there is also a de�rease in the p fraction indi- · 
eating a blockage in crosslinkage. 
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The maturation .of collagen from its most immature state to the 
most mature state is marked by an increase in intermolecular cr9sslink­
age to form.the fibril (54, 65) and by a change in the solubility char­
acteristics of the collagen (54, 65) . There are several types of bonds 
which have been found in mature collagen. Amide linkages (71), hydrogen 
bonds (72) , covalent bonds (73) , ester bonds (72), phosphate liniages 
(75) and c�rbohydrate linkages (76) have all been reported. As the 
fibril matures it becomes less soluble. As shown . in Figure�, the most 
soluble, neutral salt-soluble or tropocollagen may mature to �he less 
soluble, acid-soluble collagen or it may go directly to the most mature, 
insoluble form. It was thought·at one time that·there was a direct pro­
gression.from tropocollagen to acid�soluble c�llagen to matur� collagen 
(77}. It has since been shown that the· acid-soluble fraction contributes 
only a �ortion of the insoluble material (54, 78). 
,Successful fibtil formation from .either tropocollagen·or �cid­
soluble collagen solutions can be carried out !!!.vitro (79) . Heating 
either collagen solution to 37 °C at pH 7. 0 to 7. 4 .has been shown.to. pro­
duce an opaque gel �hich. is composed, as shown by electron microscopy, 
of fibrils identical to native collagen (80) . The rate of this fibril­
ogenesis is inversely related to the salt concentration 6£, the solution 
(81) and may be impeded or prevented by ·the presence of small amounts of 
DNA ( 79, 80) . The addition of a pho.sphate buffer completely. overrides 
the DNA impedence (79, 82) � Wood (83) is of the opinion that the rate 
of in vitro fibrilogenesis is directly related to the amQunt of the� 
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or more mature subunits present in.the tropocollagen solution. More­
over, sulfomucopolysaccharides form mature·collagen fibrils from .acid­
.soluble collagen solutions (82, 84). They found that.the fibrils for��d 
from.the solutions by ·chondroitin,sulfate most nearly .resembled those 
from. native collagen. 
Collagen synthesis is ser:isitive to a host· of outside factors. 
The experimental wound m�kes a convenient experimental tool. for the 
study of collagen synthesis, since, as Rosen et al. (85) pointed out, 
collagen synthesis is fundamental to he�ling, and the tensile strength 
of the wound is directly related to· its collagen content. Collagen 
synthesis has been reported by Peacock (86) to be inhibited by. urea, 
thiocyanate, arginine, lysine and iodine. 
Branwood (55), in a review of the fibro�last, cited work of several 
authors which indicated that the adrenocorticotropin and the adrenal 
cortical hormones greatly ·inhibited fibroblast activity. Gould (87) has 
differentiated collagen-forming systems into·vitamin C dependent and 
vitamin C independent systems. The collagen, as chemic�lly determined, 
formed in· the carcass and hide is insens.i"tive·to avitaminosis C while the 
the collagen found in healing wounds and granulomata is very sensitive·to 
avitaminosis C. Crandon et al. �88). reported the production of the sam� 
·histological changes in the wounds of scorbutic guinea pigs as were.shown 
in skin of vitamin C-deficient humans. It has been. shown by numerous 
workers that avitaminosis C results in·a.failure·to form. hydroxyproline 
from proline, thereby inhibiting collagen synthesis. In vitamin C 
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deficiency mucopolysaccharides· are present in·normal amounts, but there 
is a failure to incorporate sulfate to form sulfated mucopolysaccharides 
(89). Caputto and his associates (90, 91) have reported that liver homo­
genates derived from avitaminotic E rats would not readily convert glu­
curonic acid to ascorbic·acid. The inhibition of gulonolactone oxidase 
in the mitochondria was later found to be responsible· for the observed 
failure to form ascorbic acid (92). 
Pyridoxine deficiency has been reported by Rinehart and Greenb�rg 
(93) to produce intimal lesions in the aorta similar to those seen in 
early atherosclerotic lesions in humans. Sulkin and Sulkin (94) re­
ported that vitamin E deficiency produced the same lesions in rat$ after 
they had been on the diet for about 200 days, 
The fibroblast, and therefore collagen synthesis, in the he�ling 
wound, is insensitive to the quantitative level of dietary. protein. 
Sisson et al. (95) conducted studies to show the effect of low protein 
diets on wound healing. in rats. They found that healing wounds·of 
animals on the pro�ein�free diet·exhibited the same tensile strength as 
those of their controls at the end of the 14 day .study period. For the 
first 7 days thete was a notable lag period during which·the protein­
free experimental.group showed no healing . . The authors interpreted this 
to indicate a mobilization of tissue proteins to form precursors for 
collagen synthesis. Moore (69) reported that wounds in undernourished 
patients healed normally at the .expense of other tissues. 
Pearce et al. (97) reported that adult rats fed protein-free diets 
showed essentially the same results as mentioned previously with regard. 
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to the relationship between tensile strength of the wound and dietary 
protein. level. These writers noted in the first five days remarkably 
fewer fibroblasts in. the protein-depleted animals·compared with normal 
controls. While collagen fibrils were sparse, there was a large amount 
of reticulin (elastin) present in the protein-depleted animals. Stain­
ing with Hale's colloidal iron stain revealed that there was a marked 
reduction in mucopolysaccharides in the wounds· of the prote�n-depleted 
group . during the early part of the healing period. 
Bavetta · et al. (98) found that feeding. rats 8% casein diets re­
sulted in a decrease in the amount of collagen found in sponge implan�s 
when compared with· animals fed 22% casein diets. These differences did 
not occur in the skin which might be expected since the turnover time of 
skin collagen has been reported to b.e quite long, up to lOOO·days (99), 
and the animals were only on the diet 3 to 4 weeks. The addition of 
vitamin C .to the diets used by Bavetta et al. (98) caused an increase 
in collagen formation in sponge· implants in all groups. Sriramachari 
(100), ·investigating the effect of dietary· protein on CCl4-induced 
.fibrosis in livers, reported that feeding a low protein level rice diet 
over a period of six months caused a 50% depression in . the amount of 
collagen synthesized by the damaged liver. 
The effects·of amino acids on collagen .synthesis: have been studied. 
Peacock (101) found neither 0. 5% DL�hydroxyproline nor·l. 0% DL-proline 
added.to the diet.of protein-depleted animals had any eff-ect on the 
tensile strength of he�ling wounds. Nimni et-al. (102) reported that 
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the synthesis of collagen, as·measured by the uptake of radioactive 
glycine, was decreased in animals fed tryptophan-deficient. die�s. Excess 
dietary tryptophan, 1. 5% added to a 12% casein diet, had a similar in­
hibitory effect. 
The sulfur amino acids appear to be the most crucial, since with­
out these acids in the diet the fibroblast fails to mature and the forma­
tion of collagen is delayed (55). It is ge�erally conceded that meth� 
ionine may be irreversibly converted to cysteine and thence to either 
taurine or to sulfate (103). The sulfate then.may be used to sulfate. 
mucopolysaccharides. Kun (104) states that the dietary sulfur amino 
acids are the chief if not the only source of sulfate for the sulfation 
of mucopolysaccharides. It may be concluded that furnishing sulfqte for 
the sulfation.of mucopolysaccharides is a normal function of qietary 
methionine and therefore may be included in the methionine requirem�nt 
of the animal. 
Williamson and Passmore (105) found that wounded rats fed 20% 
casein diets excreted significantly less taurine than their controls. 
They found no difference in the taurine to nitrogen ratio of wounded 
and non-wounded rats on the low protein diets. Williams and Haley (106) 
administered s35 in the form of cystine, methionine and sulfate to sur­
gical patients and measured the uptake of s 35 into �he wound by surface 
scanning. They found 5 to 7 times as much s35 activity in the wound 
compared with unaltered areas. Only small amounts of s35-sulfate were· 
incorporated into the wound tissue while comparatively larger amounts 
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of s 35-sulfur amino acids accumulated in the area studied. Cystine was 
better·utilized than methionine . . The authors concluded that the sulfur 
amino acids·accumulate in regenerating wound.tissue; the ·form of tissue 
s35�sulfur was not· accessed . . Fromm and Nordlie (107) in 1956 noted that 
.during wound healing there was' a marked increase in.the .total liver 
�ethionine pool� Evidence indicated that this was· accompanied by de­
creases in the cysteine hepatic pool • . These-workers noted the same shift 
in sulfate excretion observed by Williamson and Passmore (105). These 
same workers·in_ 1958 (108) reported data indicating that g35 administered 
as g 35_methionine �wo days prior to wounding:was incorporated into wound 
tissue as protein-bound methionine and cysteine during the first six days 
after injury . .  Administered s 35-methionine in the healing wound was not 
found to be a precursor of mucopolysaccharide sulfate. In 1959 Fromm 
and Nordlie (109) noted a redistripution of methionine and cysteine 
during experimental �und healing in protein-depleted animals .. They con­
cluded that in the absence of dietary sources· the animals-degraded their 
own more labile tissue proteins·to obtain cystine and methionine for re-
.generating .tissue. 
Pendergrass (110) investigating the relationship between vitamin 
E and sulfur metabolism in rats found vit�min E·deficiency, when coupled 
with a low intake of. inorganic . sulfate, caused a significant increas� in· 
.circulating_sulfhydryl groups. These same animals exhibited a· decreased 
dilution of injected s 35-sulfate, indicating a faiiure on,.the patt of the 
deficient·anim�l to oxidize·cysteine to sulfate. 
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Although numerous writers (104, 111, 6) do not credit dietary, 
inorganic sulfate with having any significant physiological role, Gilmore 
(112) has presented evidence that the level of inorganic sulfate in the 
diet may have some bearing on the methionine requirement of the animal. 
The methionine requirement of the rat has been set at 0.60% of the diet 
(113). Gilmore found that if rats were fed 0. 60% methionine-s35 and low 
inorganic sulfate they showed a decrease in the amount of the s35 label 
taken into sulfomucopolysaccharides when compared with controls receiving 
a sufficient quantity of inorganic sulfate. This indicated that 0. 60% 
methionine might not be sufficient to perform all of the functions of the 
sulfur amino acids when the amount 01 dietary inorganic�sµlfate was low. 
The biogenesis of the collagen fibril has been recently reviewed 
by Robertson (54) .  The concens us is that the peptide subunits are formed 
by the usual route, that is activation of the amino acids and subsequent 
transfer to desoxyribonucleic acid templates. Gerber and Altman (114) 
suggest that the biogenesis of collagen proceeds by a route different 
from that in globular proteins. They suggest that the collagen is syn­
thesized by means of adding long polypeptides (70-140 residues) to exist­
ing collagen fibrils outside of the fibroblast. Prockop (115), however, 
took exception to their idea and presented evidence to show that collagen 
synthesis proceeded by me�ns of the normal route and the finished pre­
collagen forms were secreted into the surrounding medium. In either case, 
the basic subunits are dependent on DNA . Dinning and his associates (116-
119) have reported vitamin E deficiency to increase the level of DNA in 
the liver, heart, small intestine and skeletal muscles in rabbits. 
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Gerber et al . (120) using autoradiography found the synthesis and turnover 
of DNA to be enhanced in vitamin E deficiency. 
One-third of the total amino acid composition of collagen is 
glycine (54) .  Sine et al. (121) have reported an increase in c14-glycine 
incorporation into tissue of vitamin E-deficient animals . Tallen (122) 
found a decrease in free glycine in dystrophic muscles. Diehl (123) re­
ports that there is a 4-fold increase in the glycine content of dystrophic 
muscles from vitamin E,-def icient rabbits. 
As previously mentioned, in addition to synthesizing collagen the 
fibroblast also secretes sulfomucopolysaccharides. Studies with corti­
sone showed that this hormone caused a decrease in the formation of muco­
polysaccharides (124 , 125) and a decrease in the rate of collagen forma­
tion (126) .  The role of mucopolysaccharides in collagen formation is 
still indefinite. It is known that collagen contains small, tightly­
bound amounts of hexosamine. In the case of the cock's comb, this has 
been identified as chondroitin sulfate (127) .  · Oneson and Zaracharias 
(76) found that the viscosity of collagen solutions varied directly with 
the amount of hexose present . They postulated that the carbohydrate func­
tioned in some manner to link the collagen macromolecules. Grassmann et 
al. (128) has suggested that the hexose units are bound to the protein 
moieties by means of a glycosidic linkage. More recent evidence has been 
presented by Blumenfeid et al. (129) to show that the hexose units do not 
function in covalent crosslinkage between the chains of the collagen 
molecule. Lowther (130) suggests that the mucopolysaccharides, which coat 
the outer surface of the fibroblast, serve to hold the immature collagen 
19 
so the crosslinkage can occur. While the exact role of mucopolysac­
charides in collagen formation is not known, they do appear vital. 
Smith and Pendergrass 3 have reported vitamin E deficiency to result in 
a decreased rate of uptake of s35-sulfate by sulfomucopolysaccharides 
associated with cartilage and insoluble, cellular lipoproteins. Button 
4 et al. have reported a decreased hexosamine content in cellular lipo-
proteins isolated from animals raised on diets containing low inorganic 
sulfate. 
The administration of lathyrogenic compounds such asp-amino­
propionitrile or the feeding of diets containing Lathyrus Oderatus pro­
duces a condition marked by skeletal deformations and increases in the 
soluble collagens in a variety of tissues (131, 132) . A decrease in 
intermolecular crosslinkage (133-135) and intramolecular crosslinkage 
(66, 70) have been noted in lathyrism. Recently Tanzer and Gross (136) 
have shown that the increase in soluble collagen is due to newly synthe­
sized collagen which apparently cannot mature. Fry et al. (137) have 
found a decrease in mechanical strength of aortae from lathyritic ani­
mals. Keech (138) noted a thic�ening of the Tunica media in aortae from 
lathyritic rats, together with an increase in collagen content. Lathyrism 
3smith, J. T. and B. J. Pendergrass 1962 A relationship between 
vitamin E and the sulfation of mucopolysaccharides and cellular lipopro­
teins. Federation Proc . 21: 170. 
4Button, G. M. , R. G. Brown, F. G. Michels and J. T. Smith 1964 
The influence of inorganic sulfate on the neutral sulfur requirement of. 
the rat. Federation Proc. 23: 184. 
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produces a decrease in the rate of s 35-sulfate uptake (139) similar to 
that reported for vitamin E deficiency. 5 Levene. (142) reported that 
injection of a source of carbonyl groups relieved the symptoms of lathy­
rism. Providing th� animal with a high level of dietary calcium also 
produced the same effect (141). 
The purpose of this study was to reopen the area of vitamin E, 
collagen relationships and to present evidence to show such relationship 
exists. 
5 




A change in collagen metabolism would likely result in some change 
in collagen-dependent s·tructures or tissues such as the tensile strength 
of the healing wound or the mechanical. strength o{ some collagen-dependent 
structures. As was mentioned in the review, early in t�e 19th century 
Quain and associates (2) noted that the fibr�us membranes were inexten­
sible. Pathological conditions resulted in increases in extensibility. 
Burton (13) has shown that collagen is the least extensible of 
the agents found in the aorta. Collagen has a modulus of ela�ticity of 
1 x 109 dynes/cm2 compared to 3 x 10 6 dynes/cm2 for·elastin. (Higij 
modulus = high tensile strength and low extensibility. ) Harkness et al. 
(142) found that differences in moduli differed very little with changes 
in the elastin content of different sections of the dog's aorta. Calcu­
lation of the same modulus showed it to vary as expected with changes in 
the collagen content. Levene (143) has found that there was a direct 
relationship in developing chicks between the collagen content of the 
aorta a.nd its breaking strength. Fry et al. (137) have published data 
to show that the aorta of the lathyritic rat is mechanically weaker than 
that of its normal· control. Cheng et al. (144) showed that when female 
rats were deprived of vitamin E, the offspring exhibited abnormalities of 
the vascular system and other connective tissue-dependent structures. 
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On the basis of this evidence, the aorta was selected as the organ to 
survey for vitamin E-related changes. The ease of accessibility and 
handling were also factors contributing to its selection. 
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Because of the small size of the rat ' s  aorta, it was evident that 
some other system would have to be selected to study �ny change in col­
lagen. The carrageenin granulomata and later the skin of the anim�l 
were selected . 
Collagen is soluble, not only in acetic acid and bo iling water, 
but also in cold water and neutral salt solution (145) . The degree of 
maturity predicates the solubility of these collagen fract ions (146) . 
The younger or less mature fract ions were soluble in water or dilute 
(0. 14 M NaCl) , neutral, salt solut ions. More mature fractions are soluble 
in more concentrated salt solutions (0. 45 M and 1. 0 M NaCl) . The more 
mature collagens are soluble in acetic acid. The most mature collagen 
fractions are insoluble in all excepting boiling water, strong alkalies 
or strong acids . Harkness et al. ( 146) have shown, using c 1 4-amino acid 
tracers, that apparently there is a direct progress ion in maturity with 
solubility, with some of the neutral salt-soluble collagen going . to in­
soluble collagen directly while some proceeds via the acid-soluble fract ion 
as shown in Figure 1. 
With the change in solubility characteristics there is an increase 
in polymerization and intermolecular crosslinkage. If collagen derives 
its strength from its fibrous, crosslinked structure, then any change in 
the mechanical strength could be interpreted as a change in structure of 
the molecule, which in turn would be reflected in changes in extraction 
characteristics of collagens in a tissue. 
The carrageenin granuloma was found by Robertson (17, 18) and 
Jackson (145) to be a good model system to study collagen. Others (78, 
147) found, for reasons to be stated, that the granuloma was not the most 
ideal system. The skin was finally selected as a tissue of choice. The 
plan was to fractionate the skins into salt- and acid-soluble and insol­
uble collagens, and to observe the distri bution of the collagen fractions 
and certain characteristics of these fractions. 
Experimental Groups 
In order to investigate the possibility of a vitamin E, collagen 
relationship, the following study was performed. 
Rats (described later under Animals) were raised from weaning un­
til ages 80, 100, 114 or 134 days on vita�in E-sufficie�t Qr -deficient 
diets containing 0. 02% sulfate ; equivalent groups were raised from wean- · 
ing until ages 54, 84, 114 and 134 days on vitamin E-sufficient and -de­
ficient diets containing 0 .0002% sulfate levels. At 3, 6 . or 9 day inter­
vals before killing a carrageenin granuloma was induced in the animals 
by injecting 5 ml of 1% carrageenin (in 0. 9% NaCl) subcutaneously mid­
line, directly caudal to the thorax. When the animals were killed, the 
granulomata, aortae and skins were removed, the area around the granu­
lomata being discarded . These tissues were processed either i�ediate ly 
or stored at -20 °C until they were subjected to the measurements mentioned 
elsewhere in this paper. 
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Diets. The diets employed were modificat ions of those of Pender­
grass ( 1 10) as shown in Table I .  The composit ion of the sa lt mixtures 
is shown in fable II. 
This diet was selected for several reasons. It was found to pro­
duce vitamin E deficiency as measured by erythrocyte hemolysis ( 149) with­
out producing any debil itation in the animal. It a lso was the d iet which 
produced changes in sulfat ion of sulfomucopolysaccharides (1 10) .  
The low sulfate (0. 0002% of the diet ) diet was included in the 
beginning because of findings in this l aboratory (1 10)  that Qecreasing 
the level of inorganic sulfate in the diet to a m inimum resulted in de­
creases in hexosamine synthesis and in the amount of sulfate present in 
t issue. 
The diets were mixed in four kilogram lots every week or 1 0  days 
and stored at 4 °C .  The anima ls were fed ad l ibitum and water was pro­
vided at al l t imes. Tap water was used in 0 . 02% su lfate leve ls and dis­
t il led water in the 0. 0002% sulfate levels. 
Animals . Male and female , Wistar rats from the stock colony of 
the Nutrit ion Department were used in this study. The animals were 
randomly-selected l itter mates. The reason l itter-mat ing was done was 
to exclude any genet ic variable which m ight occur since the stock colony 
anima ls are select iv� ly rather than randomly inbred. 
Animals in a l l  experiments were housed in group cages , 5 an ima ls 
per cage. In a l l  experiments there were four groups. One group was 
ra ised on a vitamin E-sufficient, 0. 02% sulfate diet ; a second . group on 
TABLE I 
CO�OSITION OF EXPERIMENTAL DIETS 
Component 









aNutritional Biochemicals Co. , Cleveland , Ohio. 
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g/100 g 
15 . 00 
0., 35 
30. 83 
31 . 82 
6 . 00 
10 . 00 
2 . 00 
1 . 00 
3 . 00 
boistillation Products Industries , Inc . , Rochester , New York. 
Cg/400 g of vitamin mixture : niacin ,  8 . 000 ; pyridoxine hydro-
chloride ,  0 . 200 ; thiamine hydrochloride ,  0 . 200 ; riboflavin , 0 . 200 ; cal­
cium pantothenate , 0 . 400 ; folic acid , 0 . 200 ; biotin , 0 . 002 ; vitamin 
B12 (0 . 1% in manitol) , 1 . 8 ;  menadione , 0 . 010 ;  i-inositol , 40 . 000 ; para­
aminobenzoic acid , 3 . 000 ; titurated in sucrose of sufficient quantity 
to make a final weight of 400 g. DL a tocopherol acetate was added to the 
diet at the level of 28 mg/100 g of diet. 










MnS04 · H20 
NaF 
AlKS04 
CuS04 · SH20 
MnCl2 · 4H20 
Cu(C2HJ02 ) 2 ·H20 
TABLE II 
O)MPOS ITION OF SALT MIXTURES 
0 . 02% Dietary 
Sulfate8 
g 
54 . 30 
2 . 50 
1 .  60 
6 . 90 
11. 20 
2 1 . 20 
2 . 05 
0 . 008 
0. 035 
0. 010 
0. 017  
0. 09 
8Hubbell , Mendel, and Wakeman ( 148) . 
bAdapted from Pendergrass ( 110) . 
-
2 6 
0. 0002% Dietary 
Sulfateb 
g 
54 . 40 
3 . 06 
6 . 90 
11. 20 
2 1. 20 
2 . 05 
0 . 008 
0. 010 
0 . 017  
0 . 040 
0. 072 
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a vitamin E-deficient, 0. 02% sulfate diet ; a third on a vitamin E-suf� 
ficient , 0 . 0002% sulfate diet ; and a fourth group on a vitamin E-de­
ficient , 0. 0002% sulfate diet. The group receiving 0. 02% sQlfate will 
be referred to as normal-sulfate and the group receiving 0 . 0002% sul­
fate will be referred to as low-sulfate . The siz� of the experimental 
groups varied from 5 .  to 10 animals of each sex group . 
All groups received fresh food and wat�r daily . General observa­
tions of the animal ' s  condition were made weekly at the time of routine 
weighing. Vitamin E deficiency was assessed · by the erythrocyte hemo�ysis , 
test of Friedman et al . ( 149) on randomly ·selected ·pairs . Only those 
animals whose erythrocytes exhibited 95 to 100% hemoly$is with dialuric 
acid were judged vitamin E deficient and used in this study as vitamin E­
deficient animals . 
Aorta Breaking Strength 
The experimental animal was placed und�r ether anesthesia, d�cap­
itated and bled thoroughly ; · The heart and several ceritimeters o!  aorta 
· we re ' removed . promptly and placed in approximately · 2 5  ml of  cold (4 °C) 
Ringer ' s  soluti?n . · The aorta was freed from surr6unding tissue by blunt . 
dissection, and the hear� cut away from the aorta just distal to the arch. 
The 2. 5  - 3 . 0  cm segment of the aorta was then promptly measured, blotted , 
weighed on a Mettler, model B, balance and immediately returned to cold 
Ringer ' s  solution . 
The aortic segment ·was placed between the rubber-covered jaws of 
two hemostats so that a uniform section (one centiment long) wa� broken. 
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Water was added at a constant rate to a small, polyethylene bottle sus. 
pended by wires from the lower hemostat. The weight required to sepa­
rate the aorta was determined by weighing the water bottle and hemostat 
on a Model IL-1 Torsion Balance. 
In order to compensate for differences in thicknesses of the 
aortic walls the breaking strength was calculated as the weight required 
t� break a segment one centimeter long normalized to one gram. 
The hydroxyproline content of the aortae was determined by Martin 
and Axelrod ' s  modification (150) of the technique of Neuman and Logan 
(151) as described later . 
Gel Formatiop 
It  has been found that neijtral salt- and acid-soluble �ollagens 
form gels when heated at phys iological pH to 37 °C (79 , 81). Electron 
microscopy (80) has shown these gels to b� composed of f �bers which are 
identical to natural collagen. 
The rate of gel formation in neutral salt-sol�ble collagen is a 
measure of crossl inkage ( 8 3 ) , and has been postulated to be related to 
the degree of intermolecular crosslinkage . Wood ( 8 3) has found tqat th� 
neutral salt-soluble fraction (1. 0 M) is heterogeneous in nature with 
each fraction having a peculiar rate of gelation. The more mature fra�­
tions form gels at neutral pH and 37 °C faster than do the less mature 
fractions. 
Another characteristic property of the gels formed by salt-soluble 
collagens is that they redissolve when placed at 4 °C (79 , 154) . The rate 
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of this breakdown i s  a measure of the number and/or of the strength of 
the intermolecular crosslinkages formed during gelation. 
Gel formation with crude solutions was first attempted since the 
crude solution would be representative of the natural situation. In ad­
dition Gros s (1 52 , 153) has reported that crude, incubated , neutral salt 
extracts of guinea pig hide formed 40% more insoluble collagen after one 
day at 37 °C than purified preparations formed after 8 days of 37 °C in­
cubation. 
Solutions. Phqsphate, sodium chloride buffer : 10. 7 g of NaiHP04 · 
7H20 were dissolved in about 1800 ml of distilled water . After 16 . 2  g 
of N�Cl were dissolved in the disodium phosphate solution, 6 ml of 1. 0 N 
HCl were added . The pH of the resultant solution was adjusted to 7. 4 
with the aid of a Beckman Zeromatic pH meter. Sufficient water was added 
to make a final volume of 2000 ml. 
Procedure. The collagens used were extracted from the hides Qf · 
male animals by procedures described under Tis sue Fractionation . Crude , 
1 . 0  M NaCl-soluble collagen solutions were centrifuged at 2 1, 500 x g for 
30 minutes at 0 °C. After centrifugation the pH was adjusted to 7 . 1 with 
phosphate buffer, 0. 1 M, pH 7. 4, with a Beckman Zeromatic pH meter. Fiv� 
milliliter samples were placed in matched Klett tubes and allowed to 
equilibrate at room temperature for 1 hour. Samples were taken for nitro­
gen, hydroxyproline, and routine pH measurement. After the samples had 
come to room temperature they were placed in a 37 °C, constant-temperature , 
water bath for incubation. The rate of gel formation was followed 
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optically with a Klett-Summerson Photoelectr ic Colorimeter (no. 42 fil­
ter) as suggested by Wood and Keech (80) . Collagen solutions from lit­
ter mates were treated simultaneously to limit variables due to experi­
mental conditions (e. g. room temperature) . 
Crude 0. 5 N acetic acid-soluble collagen solutions were centr �­
fuged at 21 , 600 x g for 30 minutes at 0 °C. After centr ifugation 4 ml . 
samples were pipetted into 3 matched- Klett tubes. Eight milliliters of 
0. 1 M phosphate buffer (pH 7. 4) were added and the tubes were mixed by 
gentle inversion after capping with "Parafilm". Samples were taken after 
equilibration for hydro�yproline and pH analysis. After the samples 
equilibrated at room temperature for one hour , they were incubated at 
37 °C . The �ate of gel formation was followed optically with a Klett­
Summerson Photoelectr ic Colorimeter (no. 42 filter) , Collagen solvtions 
from litter mates were gelled simultaneously to limit var iables du� to 
exper imental conditions. 
Gel Formation with Sodium Chloride-Soluble Collagen Solutions 
Samples of the crude extracts were cent rifuged at 10 , 000 x � at 
4 °C. After centrifugation the samples were f iltered through one�quarter 
inch pads of glass wool by vacuum into flasks which were in a crock of 
crushed ice. After filtration through glass wool the solut ions were fil­
tered by vacuum through Whatman No. · 42 filter paper. At all times care 
was taken to keep solutions cold. The clear solution was then dialysed 
overnight against 10 to 15 volumes of 0. 02 M phosphate buffer, 0. 14 M 
NaCl , pH 7 . 4. 
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Gel formation was initiated as described above for other crude 
solutions , The rate of gel formation was followed either optically or 
by centrifuging out the precipitate with an International Clinical Centri­
fuge and measuring the nitrogen in the supernatant by the Mic ro-K jeld�hl 
method. 
The stability of the gels , which is a measure of intermolecular 
crosslinkage ( 152) , was measured by chilling them to 4 °C after one hour ' s  
incubation at 37 °C. The dissolution of the gel at 24 and 48 hours was 
followed by measuring the amount of soluble nitrogen in the supe rnatant 
flui� after centrifugation of t�e gel at 10 , 000 x g for 30 minutes ai 
4
°
c .  
The same procedure as above was repeated on pur ified solutions . 
Tissue Fractionation 
Granulomata were minced with scissors and shaken at 4 °C with 10 
volumes ( w/v) of 1. 0 M NaCl. The supernatant fluid was decanted at 24 
hour intervals ; after 3 extractions the pooled extract was centrifuged 
at 36 , 000 X g at 4 °C for 30 min . The supernatant fluid was quantitated 
and aliquot portions taken for hydroxyproline analysis. The residue was 
returned to the extraction flask and the contents extracted with 3 changes 
of 0 . 5  N acetic acid using the same extraction procedure as d,sc ribe� . 
above . The mince was washed free of acid with distilled water (the wash­
ings were added to the acid fraction) . then �ashed 3 times with 10 volumes 
of 0. 1 M NaOH and 4 times with 10 volumes of distill�d water. The in-
. soluble residue was steam-hydrolyzed with 5 volumes of wJter at 16  p , s. i . 
for 24 hou rs .  
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Skins from male , 1 34-day-old rats raised on previously described 
diets . were collected at slaughter and stored at -20 °C. After the hair, 
loose connective tissue and fat were removed , the hide was minced with 
scis sors . The minced hide was then extracted as previously mentiqned 
for the granulomata. 
More extens ive salt extraction .was also done. The minc�d hides 
were serially extracted in the previously-mentioned manner with 0 . 14 M ,  
0. 45 M and finally 1 . 0  M NaCl solutions. These fractions will· be re­
ferred to as 0. 14 M ,  0. 45 M and 1 . 0 M fractions , respectively. 
Purification Procedures. There are several excellent methods 
for purification of collagen ( 6 6 , 145 , 154) . However , many of these 
methods require condit ions which are not available in thts l�boratory. 
The method finally selected after some preliminary work wa� that of Martin 
et al. ( 66) .  It is based on the fact that collagen is insoluble in salt 
solutions ( 1 . 0 M NaCl) at acid pH ( 2. 0  - 3. 0) . The scheme used is �e­
scribed in Figure 2. 
Precipitation of Acid-Soluble Collagen .with ! Standard Solution of 
Chondroitin Sulfate 
The following method was that of Keech ( 84) . 
Solutions. 
1.  Acid-soluble collagen sol�tion : Acid-soluble collagen which 
had been purified as shown in Figure 2 was used. 
Crude Acid Solution 





Crude Neutral-Salt Solution 
Glacial Acetic Acld to O . � N 
Centrifuge 2 1 , 600 
30 Min. , 0°C 
x g �
2 4  hours 
Residue 
l 
Redissolve in 0. 5 N 
Acetic Acid 
J 
Dialysis against 0. 85% NaCl 
in 0. 5 N Acetic Acid 
3 Changes , 24 Hours 
Centrifuge tl , 600 x g 
30 Min . 0°C 
S�ataqt Fluid 
�D . 1 . u ys is Against 
0. 5 N Acetic Acid , 1 . 0 M 
Redissolved in 
0 . 5  N Acetic Acid 
NaCl \ 
Centrifuge 2 1 , 600 x g, 





. �l F ina Step : Redis�olve in 0. 5 N Acet ic Acid , 
Dialyse Against 3 Changes of 0 . 5  
N Acetic A�id , and F reeze Dry 
from Acetic Acid . 
Figure 2. Purification Sch�me for Neutral Salt-Soluble and Acid­
Soluble Collagens. 
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2. Chondroitin sulfate solution : 10 mg of chondroitin sulfate 
(Nutritional Biochemicals Co. ) was dissolved in a sufficient quantity 
of phosphate buffer , pH 7. 4 ,  0. 1 M ,  to make a final volume of 100 ml. 
3. Phosphate buffer , pH 7. 4 ,  0. 1 M :  14 . 2  g of anhydrous Na2HP04 
were dissolved in about 800 ml of water. The pH was adjusted to 7. 4 
with 20 ml of 1. 0 N HCl. Sufficient water was then added to make a 
final volume of 1000 ml. 
4. Acetate , sodium chloride buffer : 5. 9 g of NaCl were dissolved 
in 110 ml of stock acetate buffer , and sufficient water was added to 
make a final volume of 1000 ml. 
5. Stock , 0. 45 M ,  pH 4. 8 acetate buffer : 61 g of sodium ace�ate 
were dissolved in 800 ml of water . The pH was adjusted to 4. 8 with 17 ml 
of glacial acetic acid and then sufficient water was added to make a 
final volume of 1000 ml. 
Procedure. The acid-soluble collagen solution was dialyzed over­
night against three changes of 10 volumes each of the 0. 05 M acetate 
buffer, 0 . 1  M NaCl , pH 4. 8 .  After centrifugat ion at 2 1 , 600 x g at 0 °C 
for 30 minutes , triplicate 4 ml samples were pipetted into matched Klett 
tubes . Four milliliters of the chondroitin sulfate solution were added. 
After the tubes were capped and gently inverted several times , they were 
incubated at room temperature (24°C) for 160 minutes . The formation of 
the gel was followed optically with a Klett-Sutmnerson Photoelectric 
colorimeter with a no. 42 filter. Litter mates were ·done si�ultaneously. 
Nitrogen Determination 
Nitrogen was determined by the Micro-K jeldahl method ( 15 5 ) .  
Reagents . (Al l material is reagent grade . )  
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1. Methyl red-bromocresol green indicator : 5 parts of 0. 2% bromo­
cresol gr�en were mixed with one part of 0 , 2% methyl �ed , both in 95% 
ethanol. Alternately , 0 . 416  g of bromocresol green and 0 . 085 g of methyl 
red were dissolv�d in sufficient 95% etha�ol to make· 250 ml . 
2 . Sodium hydroxide-sodium thiosulfate solution : 500 g of NaOH 
and 50 g of Na2s2o3 - sa20 were dissolved in sufficient water to make 1 
liter . 
3 . Saturated boric acid solution : 40 g of H3B03 were dissolved 
with heating in a liter of water . 
Procedure. An aliquot portion was pipetted into a 30 ml K jeldahl 
digestion flask containing 1. 30 g of potassium sulfate and 35 to 45 mg of 
mercuric oxide. Two milliliters of concentrated sulfuric acid were added , 
and the flask contents digested until tne solution became clear , about 2 
hours . After the flask had cooled its contents w�re quaptitatively trans­
ferred to a steam dist�llation apparatus . Ten milliliters of the sodium 
hydroxide-sodium thiosulfate were added and distillation begyn . Approxi� 
mately 50 ml were distilled into 10 ml of saturated boric a�id contain­
ing 4 drops of indicator solution. The am9unt of nitrogen was deter�ined 
by titration with 0. 0 1  N hydrochloric acid . The mg of nitrogen were de­
termined by the following formula : 
(ml acid) · (N of acid) · (meq wt of nitrogen) = mg of nitrogen . 
Amino Acid Determinations 
--- --- --------
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Preparation of Aortae � Dry Material . Several aortae of the 
same group were pooled and ground to a fine powder with acetone . After 
drying at 110°C to constant weight 15-20 mg samples were transferred 
to Pyrex glass hydrolysis tubes . After 2 ml of constant-poiling hydro­
chloric acid were added, the tubes were hermetically sealed and hydro­
lyzed for 24 hours at 110°C .  
After hydrolysis , the tubes were opened and centrifuged at 2000 
rpm for 20 minutes in an International Centrifuge , size 1, Type C or 
�ize 1,  mo�el SBV . The supernatant · fluids were decanted into 25  ml 
volumetric flasks . The tubes were washed repeatedly with distil led 
water until free of acid. The centrifuge cake was remQved each tim� by · 
centrifuging at 2000 rpm for 10 minutes . The washings were added to the 
contents of the volumetric flasks . After the contents of t�e f lask had 
been made to volume , 1 - _ 2 ml aliquots were withdrawn fQr an analysis . 
This hydrolysate was used for all amino acid determinations. 
Preparation of Solutions . When it was necessary to measure the 
hydroxyproline content of collagen solutions , al iquot portions of those 
solutions were transferred to hydrolysis· tubes and dried at 110 °C .  Acid 
hydrolysis and quantitation were carried out as described under Aorta� 
� Dry Material. 
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Hydroxyproline Determination. There have appeared in the last 
several years numerous methods for the determination of hydro�yproline 
(151 , 157) . Most , however , are some modification of the basic method 
of Neuman and Logan (151) . The modification employed in this study was 
that of Martin and Axelrod (150) . It was selected because ot ease and 
reproducibility . 
Reagents . (All materi�l was reagent grade . )  
1 .  Constant-boiling hydrochloric acid (158) : A 7 N HCl solution 
(specific gravity 1 . 10) was carefully prepared and trans terred to the 
pot of an all-glass distillation apparatus . After three-quarters of the 
solution had distilled over , the receiving flask was exchanged for a 
clean , dry flask and all but about 40 ml of the remaining acid was dis­
tilled over . The last fraction , which had a boiling po�nt of 109 °C , was 
the constant boil ing fraction . 
2 :  Copper sulfate soluti9n : 2 . 50 g of CuS04 · SH20 were dissolved 
in sufficient water to make 1 liter . 
3 .  Sodium hydrox ide solut ion : 100 g of NaOH were dissolved in 
sufficient water to make 1 liter . 
4 . Dilute sulfuric acid : To 1800 ml of water were carefully 
added 200 ml of concentrated H2$04 . 
5 .  Ehrlich ' s  reagent : 20 g of para-dimethylaminobenzaldehyde 
were dissolv�d in s�fficient C .  P .  propanol to make 500 ml . 
6 .  Ferrous sulfate solution : 1 . 39 g of FeS04 · 7R20 and one-half 
ml of concentrated H2S04 were dissolved in sufficient water to make 100 
ml . 
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7 .  Hydrogen peroxide solution :  20 ml of 30% H�02 were diluted 
with distilled water to a final volume of 100 ml . 
8 .  Standard hydroxyproline solution : 0 . 0250 g of L-hydroxyproline 
(Nutritional Biochemical Co . ) 1 was dissolved in sufficient wat�r to make 
1 liter . This was divid�d into 6 portions which were stored at -20 °C. 
Working standards were prepared as follows : 10 ml of the stock standard 
plus 8 �1 of constant-boiling hydrochloric acid were diluted to 100 ml 
with water . 
9 .  Blank solution : To 8 ml of constant-boiling hydrochlor ic ac id 
was added sufficient water to make a final volu�e of 100 ml: . 
Procedure . Int9 a series of 1 8 x 150 mm Pyrex test tubes aliquot 
portions of the hydrolysates conta�ning from 0 . 2-25 � 0  �g of hydroxy­
proline were pipetted . Appropriate amounts of the standard hydroxy­
proline solution were pipetted into the standard tubes . One milliliter 
of the blank solution was a4ded to the blank tubes . After the volumes 
of all tubes were equalized with blank solution, 2 ml of a l : l (v: v) 
mixture of 0 . 01 M CuS04 and 2 . 5  N NaOH solution were added (� . B .  These 
two reagents were mixed immediately before use ! ) .  One milliliter of the 
peroxide solution was added next, followed by rigorous shaking until the 
original blue color returned (about 2-3 minutes) . Next 0 . 1 ml of Fe�04 
solution was added to remove any excess H202 and the tubes were vigor­
ously shaken for 6 minutes , After �hak ing 3 ml of 3 . 6  N H2S04 were 
lBoth the L-proline and L-hydroxyproline from this source were 
found to migrate as a single spot on paper in three different sp lvent 
systems . 
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added followed immediately by 2 ml of 4% Ehrlich ' s  reagent . Th, tubes 
were c'1pped with "Paraf ilm , "  �haken and incubated for 14 minutes in a 
water bath at 70 °C. After incubation the tubes were then cooled with 
running tap water and then optical density was determined with e ither 
a Klett-Summerson Photoelectric Colorimeter (no. 54 filter) or a Beckman 
DU Spectrophotometer at 550 mp. 
Proline Detennination . The method used was Troll and Lindsley ' s  
(159) modification of th� method of Chinard (l�O ) .  
Reagents. 
l. Standard proline solution : 0. 550 g of L-proline (Nutriti9nal 
Biochemicals Co.) was dissolved in a suffi� ient quantity of distilled 
water to make 1000 ml. A 10 ml aliquot of this stock solution was 
pipetted into a 100 ml volumetric flask, togethe� with 8 ml of cons tant­
boiling hydroch loric acid and water was added tn sufficient quantity to 
make a final volume of 100 ml . 
2 .  Ninhydrin reagent : To 2 . 5 g of nfohydrin were added 40 ml of 
6 M phosphoric acid and 60 ml of glacial acetic acid. The mixture was 
heated to 70 °C to dissolve the ninhydrin. This solution was good for 24 
hours . 
Procedure. Five millilite�s of the acid hydrolysate { cf .  Aortae 
� Dry. Materials section) were sh�ken with 0 . 5 g �f Permutit for 5 
minutes _. The tubes were then . centrifuged fo r 10 �inutes at - 2000 rpm in 
an International Centrifuge, Type C, Size · 1 .  The supernatant fluid wa� 
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decanted through a small plug of glass wool into a clean tube . One mil­
liliter samples of this clear solution were pipetted into 15 x 150 mm 
Pyrex test tubes. After the addition of one ml of glacial acetic acid 
and one ml of ninhydrin reagent, the tubes were cappeQ and heated in 
boiling water for 60 minutes . The tubes were then cooled in running water 
and the optical density measured at 515 mp with a Beckman DU Spectro­
photometer . A suitable reagent blank and standard contain ing 55 pg of 
proline were also prepared. All determinations were carried out in 
triplicate . 
Stat istical Methods 
All statistical analyses, except where otherwise noted, were dope 
by the method of paired comparisons (161) . This m�thod was selected be­
cause it - eliminated the population variable . This coulQ be important 
since the Nu�rition Department ' s stock colQny was selectively inbred . 
The method involved determining the average difference Ca) between 
L d  two sets of paired variates . d = --n- where n was the number of pairs. 
The standard deviation of the difference, Sd , was equal to 
Ld2 - CL d) 2 /n 
n (n- 1 )  
where n again was the number of pairs. The significance was determined 




at (n-1) degre�s of freedom . 
In some cases paired comparisons could not be made . In these 
cases Student ' s  t test (161) wa� employed, where 
t = 
Xi = mean , L x  --- , 
n 
1 / n1 - 1 ) sf + (n2 - 1 )  s� 
v· n1 + n2 - 2 
of one population and X2 was the mean of the second 
population. N is the number of observations in either series . s 2 






(n - 1) 
in either series . There were (n1 + n2 - 2) degrees of freedom in this 
method . 
The standard error of the mean , where reported was equal to � ; 
where S was the standard deviation , ,;-;,,:, and N was the number of samples . 
CHAPTER IV 
RESULTS 
In any nutritional study inanation is an omnipresent factor which 
must be accounted. Routine weekly weighings were used to measure any 
inanatory effect of the diet. Table III shows the net weight gain� of 
the experimental animals . In the normal-sulfate group there ar� no 
significant differences in the weight gains. Tbere were no significant 
differences in the growth of the animals fed the low-sulfate di�ts for 
the various periods studied. It was noted that if the net weight gain 
between the second week on the diet and the terminal date of the 134-
day group was measured without regard to the vitamin E status, there 
was a significant difference in the weight gained. The low-sulfate group 
grew significantly . slower than their normal-sulfate counterparts . The 
routine weekly examinations at the tim� of weighing revealed no gross 
abnormalities in any of the animals except the 54-day-old , low-sulfate 
group. This group developed an edema of the lower hind legs and a loss 
of locomotion. The difference in their weight gains was s ignificant. 
Vitamin E deficiency was established by means of the erythrocyte 
hemolysis test with dialuric acid. Randomly �hosen pairs were selected 
for the test. All animals which are reported vitamin E deficient 
exhibited 95 - 100% hemolysis while their litter mates who had vitamin E 
in their diets exhibited only O - 5% hemolysis. Because of a failure 
to show red blood cell hemolysis with dialuric acid, the 114-day-old group 
was dropped from the study . 
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Age Group 
Days , Sex 
54 , Malec 
54 , Femalec 
80 , Male 
80 , Female 
100 , Male 
100 , Female 
d 134 , Male 
134 , Femaled 
TABLE III 
NET WEIGHT GAINS OF THE ANIMALS FOR 





200 ! 11 
12 5 ! 3 
304 ! 9 
1 78 + 2 
360 + 10 
225  + 3 
Low 
Sulfate 
1 6 7  + 7 
lll + 3 
2 10 + 10 
128  :!: 6 
369 + 6 




1 7 8 :!: 9 
124 � 2 
295  :!: 7 
1 7 1  + 7 
34 1 : 3 
220  + 5 




134 + 4 
90 :t 2 
201 : 2 9  
130 :!: 3 
32 6 + 6 
2 14 + 4 
bAverages of the group in grams ! standard error of the mean. 
cS ignificance of the difference between these weights is P < . 01 .  
d.rhere are no significant differences between any of the weights 
of the animals for this period . It was noted , however , that if one 
measured the net weight gains after two weeks on the diet and the end of 
the experiment , there were significant differences between the normal and 
low sulfate groups ' weight gains . 
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Because of the lack of clas s ic symptoms of vit amin E def ic iency ,  
other than an occas iona l depigmented tooth , the def ic iency was judged 
to be mild or borderl ine . Inc lus ion of  cod- l iver oi l  in the d i�t , which 
has been reported ( 1 62 )  to conta in traces of vitamin E ,  may exp l a in the 
absence of severe avitaminos is E symptoms . 
The results  of the study of  the aortae are shown in Tabl-e s  IV 
through VI . It  may be noted from Table IV that with the except ion of 
the 100-day-old males  the re were no s ignif icant d ifferences in the 
amount of co l l agen produced in the aortae of  tne norma l -su lfate g roup . 
There was , however ,  about a 50% decl ine in the amount of co l l agen found 
in the aortae of the low-sulfate group when compared with the ir normal ­
sul fate counterpart s .  No vit amin E-re l ated d ifferences were noted in 
the col lagen content of the aortae in the an imal s  fed the low- sul fate 
diets . 
When the breaking st rengths , in terms of  g of we ight required to 
separate the aorta pe r mg of col l agen present , were compared , it was foupd 
that the aortae from the animal s  in the vitamin E-def ic ient , normal ­
s ul fate d�et group showed t rends toward be ing weaker p�r unit of col l agen 
at age 80 days than those of the ir v itamin E-suf f ic ient cont ro l s . In 
the low- sul fate d iet group there was a s ignif icant decrease  in the break­
ing strength of the aortae from the vitamin E-def ic ient female  an imal s  
at this age . I t  was a l so  observed that in the case of the fema les  there 
appeared to be · · a dist inct re lat ionship to the l eve l of d ietary sulfate , 
name ly that the va lue s for the aort ic breaking strength , per un it of 
co l l agen , in the low-sul fate group we re only about one-ha l f  those  of the 
TABLE IV 
COLLAGEN8 CONTENT OF THE NORMALIZED AORTIC SEGMENTS b 
Age Group 
Days, Sex 
54 , Male 
54 , Female 









334 + 21  
304 + 76 
149 ! 24 




150 � 43 
274 + 2 
VB + 3 . 





343 + 8 
31 .. + 20 
359 ! 3 
400 + 3 





182 :!: 2 3  
189 : 1 
2 65 + 93 
hpive animals per group, the values reported are in mg t standard 
error of the mean. 
cs ign if icance of the difference between the low- and norma 1-sulf ate 
groups is P < . 01 .  
"stgnificance of  difference between samples is P < . 01. 
Aie Group 
TABLE V 
BREAKING STRENGTH OF THE NORMALIZED AORTIC SEGMENTS 




Normal Low . Normal Low 
Days, Sex Sulfate Sulfate Sulfate Sulfate 
g g g 







Maled, e 7 7  
Female d , f , g  87 
Maleh 118 
Femaled 60 
8Hydroxyproline x 7. 46. 




cThe differences are not significant. 
70 68 
70 2 3  
46 
46 
d.rhe differences between the animals in the normal-sulfate group a;e 
significant at P < . 10. 
eThe differenc�s between the animals in the low�sulfate · g�oup are 
not significant. 
fThe differences between the animals in the low-sulfate group are 
significant at P < . Ol. 
�he differences between the normal-and low-sulfate animals are 
significant at P < . 01 , without regard to vitamin E status . 
hsignificance of the differences is P < . 01. 
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TABLE VI 
THE DECLINE IN BREAKING STRF.NGTH PER MILLIGRAM OF �LLAGEN 









8Five animals per group. 
bstudent ' s  T test. 
Vitam in E 
Def ic�ent Sufficient 
g g 
70 . 8 7  
4 6  60 
37 29  
4 . 635 1 . 686  
� . 01 < . 20 
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normal-sulfate group. The onl y  significant differences in the breaking 
strength per mg of col lagen in the aortae of the animals maintained on 
the normal-sulfate diets were in the 1 00-day-old males. These data , 
however ,  are questionable because of a suspected error in hydroxyproline 
anal ysis of the aortae from the male animals. The vitamin E-deficient 
animals in the 80-day-old group showed only trends toward having a weaker 
aortae than their controls. In addition , the data presented in Table VI 
have shown that in the female animals of the normal-sulfate group there 
was a significant decline in the breaking strength of their aortae with 
aging from 80 to 1 00 days with vitamin E deficiency. Since as the 
col lagen molecule ages it forms crosslinkages , tne findings presented in 
Table VI may represent indication of a failure of the col l agen to form 
crosslinkages (1 32 , 1 63) . 
In  order to study the possibility of a failure on the part of the 
molecule to mature , the carrageenin granuloma was first selected as a 
model system . Photographs of typical granul anata are shown in Figure 3 .  · 
Table VII shows the average pressed-weight , total nitrogen and total 
col lagen of carrageenin-induced granul omata from 80-day-old , male rats . 
It was noted that there was a tendency in the normal -sulfate , vitamin E­
deficient animals to produce a s lightly larger granuloma , however , because 
of the standard error no statistical importance can be p laced on these 
data. It may be noted from the data presented in Table VIII  that there 
was a tendency for the animals which were vitamin E deficient to produce 
proportionately  more solub le col lagen than their sufficient controls . 
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• 
Figur� 3. Selected Carrageenin Granulomata .  
so  
TABLE VII 
PRESS ED DRY WEIGHT, NITROGEN AND COLI.AGENa CONTENT OF CARRAGEENIN 
GRANULOMATA FROM 80-DAY-OLD MALEsb, c 
Vitamin E 
Suff icient Deficient 
Net Weight (g )  
Total  N (mg) 
Normal 
Sulfate 
6 . 02 + 0 . 2  
85 . 3  + 14 . 3  
Total  Col l agen (mg) 71 . 3  ! 18 . 7  
8Hydroxypro line x 7 . 46 . 
b . 1 Four an ima s per group . 
Low 
Sulff!te 
6 . 5  'i' 0 .  9 
Normal 
Sulfat� 
7 . 2  + 0 . 8  
Low 
Sulflilte 
5 . 3 + 0 . 5 
1�4 . 0 + 2 2 . 9  143 . 7 + 21 . 6  95 . 0  + 14 . 4  
99 . 1 : 2 0 . 6  94 . 3 + 1 .  7 67 . 8 + 7 .  7 





THE PER CENT OF TOTAL COLLAGENa PRESENT AS SOLUBLE 
COLLAGEN IN SELECTED GRANUIDMATA c 
Age of Vitamin Eb 
Granuloma Sufficient 
days % 
3 8. 4 




aHydroxyproline x 7 .46 • . 
�ormal-sulfate level. 
cPools of 3 granulomata . 
35 . 5  









Because of the variability in the granulomata , the same fraction­
ation was carried out on skins from 134-day-old ma le rats. The results 
of the separation into neutral sa lt, acid and insoluble fractions from the 
normal sulfate group are shown in Table IX .  Table X shows the results of 
the same experiment employing skins from animals with a low level of sul­
fate in their diet. 
The data shown in Table IX indicate that there was a sma l l  yet 
statistical ly significant difference in the amount of soluble col lagen 
produced by the vitamin E-deprived anima ls. There was a depression in 
the amount of sa lt-soluble col lagen produced by the vitamin E-deficient 
animal while the same animal exhibited a significant increase in the 
amount of acid-soluble col lagen. There was no significant difference 
in the amount of col lagen per 100 g of wet skin in either group. The 
information present in Table X shows that as one depresses the level of 
the inorganic sulfate to nil these vitamin E-related differences in con­
centration of the various fractions of col lagen disappear. When the two 
levels of sulfate are compared , as shown in Table XI, a most curious thing 
is noted. Depressing the level of dietary sulfate causes a statistical ly 
significant depression in the total production of col l agen and in the 
amount of neutral  sa lt-soluble col lagen. This effect appears t9 be 
independent of the vitamin E level and solely dep�ndent on the level of 
inorganic sul fate in the diet . Th is would seem to indicate that reducing 
the level of inorganic sulfate in the diet either depleted the animal of 
some of the materials necessary for col lagen synthesis or caused an 
inhibition at some site prior to that where vitamin E has its effect . 
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TABLE IX 
RELATIVE DISTRIBUTION OF SOLUBLE CX>tLAGEN8 FRACTIONS IN THE SKINS fROM 
VITAMIN E-SUFFICIENT AND -DEFICIENT ANIMALS NORMAL. SULFATE DIETb 
Vita'1lin E 
Fraction Sufficient Deficient 
g/100 g collagen 
Neutral Salt 
Soluble 10. 5 7 . 4  
Acid Soluble . 32. 0 37. 3 
Total Soluble 42. 0 44. 6 
Soluble : lnsoluble 
Ratio 0 . 74 0. 81 
Total Coliagen C 36. 8 37. 2 
8iiydroxyproline x 7. 46 � 
bValues for 3 pai+s of litter mates. 
cin. terms of· g/100 g of wet skin.· 
Difference sd P Value 
3. 13 . 930 < . 1 0 
5. 67 1 . 225  < . OS 
2. 60 . 457 ( . 05 
0. 07 0. 006 <. Ol 
0. 40 3. 130 ). 90 
TABLE X 
REIATIVE DISTRIBUTION OF SOLUBLE COLIAGEN8 FRACTIONS IN THE SKINS
b FROM VITAMIN E-SUFFICI�T AND -DEFICIENT �IMALS LOW SULFATE DIET 
Vitamin E 
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Fraction Sufficient Deficient P Value 
g/100 g col lagen 
Neutral Salt-
Soluble 6 . 0  
Acid Soluble ia . 7  
Total Soluble 34 . 7 
Soluble : Insoluble 
Ratio 0 . 55 
Total Collagenc 24 . 1  
8Hydroxyprol ine x 7 . 46 ,  
bAverages of 5 pairs of rats . 
cln terms of g/1 00 g of tQtal collagen. 
7 . 3  > . 10 
2 6 . 1 ) . 2 0  
32 . 0  ) . 10 
0 . 40 ) . 1 0  
2 3 .  9 ). 10 
TABLE XI 
COMPARISON OF COLLAGENa FRACTIONS FROM SKINS OF VITAMIN E­
SUFFICIENT, NORMAL-SULFATE, b AND VITAMIN E­
SUFFICIENT , LOW-SULFATE ANJMAJ.SC 
Sulfate 
Fract ion Normal Low 
g/100 g col l agen 
Neutra l S a lt 
Soluble 10 . 5  6 . 0  
Ac id Soluble 32 . 0  28 . 7  
Total  Soluble 42 . 5  34 . 7 
Soluble : Insoluble 
Rat io 0 . 74 0 . 5 5 
Tot a l Col l agen e 36 . 8  24 . 1  
8
Hydroxyprol ine x 7 . 46 . 
°brhree anima ls in this group . 
cF ive anima ls in this group . 
dstudent ' s  t test . 
eln terms of g/100 g wet skin . 
Difference T Va lue d 
4 . 5 3. 833 
3. 3 0 . 893 
7 . 8 1 . 744 
0 . 29 1 . 202 
1 2 . 7  4 . 698 
5 5  
P Va lue 
�. 01 
>. SO 
). 10  
) . 10 
< . 01 
5 6  
Table XII shows the results of a more extensive sodium chloride 
fractionation of the skin from the normal-sulfate group. There were no 
significant differences in the synthesis of collagen ext ractable in 0. 14 M 
or 0. 45 M sodium chloride solutions. However, there is a trend toward 
less 0. 45 M-soluble collagen in the skins of animals fed the vitamin E­
deficient diets. These data are indicative of a build-�p of the most mature 
collagen fractions. Coupled with the data presented in Table IX , these 
observations are indicative of a blockage in collagen formatio� in vitamin 
E deficiency. 
Figures 4 and 5 show the rate curves for the formation of thermal 
gels in neutral salt-soluble and acid-soluble collagen $ Olutions derived 
from the animals ' skins. The rate of precipitation of acid-soluble 
collagen , isolated from rat skins of vitamin E-sufficient and -defici�nt , 
normal-sulfate animals , by a standard solution of chondroitin sulfate is 
shown in Figure 6. Fractionation data for skins of these animals are 
presented in Table IX . The shape of the curves presented in Figure 4 
shows that after 10 minutes of incubation there was no substantial increase 
in the optical density of the collagen solution derived from the vitamin 
E-sufficient animals , while there was a slight increase in optical density 
in the collagen solutions derived from vitamin E-deficient animals. In 
all cases the gelation was assumed to be complete after 60 minutes of 
incubation. In other experiments where the rat� of disappearance of 
soluble nitrogen was measured , the amount of nitrogen in so lution after 
30 minutes was essentially zero. These observations agreed not only with 
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TABLE XII 
PROPORTIONAL DISTRI BUTION OF SODIUM CHIDRIDE-SOLUBLE COLlAGENa FRACTIONS 
IN VITAMIN E-DEFICIENT AND VITAMIN E�SUFFICIENT, 
NORMAL-SULFATE RATSb 
Fraction 
Diet Group 0 . 14 M 0 . 45 M 1 . 0  M 0 : 45 :  1 . 0  M 
g/100 g collagen Ratio 
Vitamin E-
Sufficient 3 . 1  33 . 9  62 . 6 0 . 54 
Vitamin E-
Deficient 3 . 1 27 . 8  68 . 9  o . .  4o 
Average Difference 0 . 0  6 . 1  -6 . 2  0 . 14 
Sa 2 .  377 1 . 980  0 . 048 
P Value < . 1 0 < . 05 C::: . 05 
8Hydroxyproline x 7 . 46 .  











































Significance of Differences 
Between �- - -11 and • i. Curves 
Time p 
5 <. 05 
10 <. 02 
20 < , OS 
30 <. 05 
60 < . 10 
..... - ­
;, 












/__ - - -• Vit amin E- suff ic ient , normal sul fate 
.6. & & Vitamin E-deficient, normal sulfate 
� · � - --� Low sulfate , both vitamin E states 
-· _, __ _ 
10 20 30 40 50 
Time of Incubation at 37 °C (min. ) 
60 
Figure 4. Rate of Gel Formation in Neutral Salt-Soluble Collagen 
Solutions. (Points are the averages of 3 pairs of litter-mates. ) 
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5 Significance of Differences 




• .-1  5 < . 30 ,.... 
0 10 < . 40 
1-1 
� 4 20 < . 10 >. 
30 < . 20 
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Q} • • Vitamin E-sufficient , normal sulfate  
(J 
�- - - -� Vitamin E-deficient , normal sul fate � 
1- - - --J. Low sul fate , both vitaIQ in E states 
o ·  - - 1- · -£- - - - - .1- - - ·  - &- ·  - - -al 
0 10 20 30 40 so 60 
Time of Incubation at 37 °C (min. ) 
Figure 5. Rate of Ge l F�rmation in Acid-Soluble Col lagen Solutions. 
(Points are averages of 3 pairs of litter-mates. ) 
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optical density measurements presented earlier, but also with several 
published reports (80, 83, 164) . It was noteworthy that the collagen 
solutions derived from the low-sulfate animals would not form gels under 
the same conditions employed for the normal-sulfate animals. Figure 5 
shows the results of the same experiment only employing the acid-soluble 
fractions . It was noted that there were no differences in the rates of 
gel formation in these more mature fractions . At time 20 minutes there 
was a tendency, although not statistically significant, for a�id-soluble 
collagen solutions from the vitamin E-sufficient animal to exhibit a 
faster rate of gelation. Again � it was noted that the solutions derived 
from the low-sulfate animals failed to form a gel. The experiments with 
the col lagen solutions from the low-sulfate animals were terminated at 40 
minutes because of the appearance of thready , irregular clumps which formed 
sparingly in some tubes . Formation of threads and clumps was very atypical 
and seen only in collagen solutions from the low-sulfate animals . The 
precipitation of acid-soluble collagen with a standard chondroitin sulfate 
solution revealed no difference in the ability of acid-soluble collagen 
from skins of rats fed vitamin E-deficient or -sufficients diets to form 
fibrils in the presence of a standard mucopolysaccharide as presented in 
Figure 6. The data presented in Table XIII illustrates the stability of 
1 . 0  M sodium chloride-soluble collagen solutions which have been allowed 
to gel at 37 °C for one hour and then have been cooled to 40 °C. It was 
noted that the collagen solutions derived from vitamin E-deficient hides 
returned to solution more collagen than did those of their controls .  This 
8 
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1 0  < . 1 0 
2 0  <: . 1 0 
30 <. . 10 
40 < . 1 0 
50 < . 1 0 
60 <,. . 1 0 
• 
Differences 
V itam in E-sufficient , normal sulfate 
Vitamin E-deficient ,  normal sulfate 
30 40 50 60 
Time of Incubation at Room Temperature (min . )  
Figure 6. Rate of Precipitation of Acid-Soluble Collagen by a 
Standard Solution of Chondroitin Sulfate. ( Points are the average of 






TABLE XIII  
STABILITY OF GELS FORMED AT 37 °C FROM CRUDE , NEUTRAL 
SALT-SOLUBLE O)Ll.AGEN TO STORAGE AT 4 °C 
Vitamin E 
Sufficient Deficient 
% red isso lved 
11 . 5 2 6 .2  
32 . 7  39 . 4  
8Four pairs of animals . 
�hree pairs of an imals . 
cStudent 's t test . 
T 
Difference Valuec 
14 . 5  5 . 846 
6 . 7  8 . 291 
62 
Va lue 
� . 0 1 
< . 02 
63 
is ind icative of a weaker gel. As the data shown in Figure 7 and its 
companion table , Table XIV , indicate , most of the dissolution of the 
gels in vitamin E-defic ient preparations occurs in the first 24 hours . 
While there is a significant increase in the rate of dissolution in the 
vitamin E-deficient group in the 24 to 48 hour period ,  the magnitude of 
the increase in dissolution of the gel formed from collagen solutions 
from the vitamin E-sufficient group is highly significant. The same 
experiment was repeated using purified collagen solutions . Tables XV 
and XVI show results of dissolution exper iments with 1. 0 M sodium chloride­
soluble collagen and acid-soluble collagen , respectively . The same experi­
ments were attempted with the low-sulfate co�nterparts of these purified 
solutions. Again ,  as with the crude solutions , gels failed to form to 
,. 
any extent (the range being O - 8% of the total nitrogen present precipi-
tated , with an average of 3%) frustrating any attempt to measure the 
strength of these gels. Figure 8 shows the rate of dissolution of the 
collagen gels reported in Table XIV . Again it was noted that the dif­
ference in amount of dissolution between the gels was significant at 24 
hours with the gels formed from collagen solutions derived from vitamin E­
defic ient animals dissolving to a greater extent than those from their con­
trols. As Figure 8 shows, the rate of dissolution between 24 and 48 hours 
was very slow in the gels from the vitamin E-defic ient group , while it pro­
ceeded very rapidly in the gels from the vitamin Efsu�fic ient group during 
the same time interval . The inflection point was more pronounced in the 





















































• - - - - -• Vitamin E deficient 
• � Vitamin E sufficient 
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o !""-------------�--------------�-
o 24 48 
Time at 4 °C (hrs. ) 
Figure 7 .  Stability of Collagen Gels from Neutral Salt-Soluble 
Collagen to Cooling with Increasing Time . (Points are averages of 
4 animals each .) 
TABLE XIV 
COMPARISON OF STABILITY WITH T IME AT 4 °C IN GELS FORMED FROM CRUDE, 
NEUTRAL SALT-SOLUBLE COLIAGEN SOLUI' IONS 
. Diet Groupb 
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Time at 





T Va luea 
P Va lue 
% redissol ved 
1 1 . 5  
32 . 7  
2 1 . 2  
7 . 5 30 
4: 0 .  001 
a Student ' s  t test. 
bFour pairs of animals in each group. 
% redissol ved 
2 6 . 2  
39 . 4  
1 3 .  2 
3 . 1 1 0 
<'. .  05 






STABILITY OF PURIFIED NEUTRAL SALT-SOLUBLE COLIAGEN GELS 
TO STORAGE AT 4 °C 
Vitamin E 
Sufficient Def icient 
% redissolved 
24. 5 33. 4 
33. 7 37. 5 
8Four an ima ls per group. 
bStudent ' s  t test. 
T 
b D ifference Va lue 
8. 9 3. 447 
3. 8 o .  777 
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Value 
< . 02 
> . 60 
TABLE XVI 
STABILITY OF COLLAGEN GELS FORMED AT 37 °C FROM PURIFIED ACID­
SOLUBLE COLLAGEN TO STORAGE AT 4 °C 
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b.rhese d ifferences are not sign ificant . 
Difference 
2. lb 




























Vitamin E deficient 
• • Vitamin E sufficient 
0 24 48 
Time at 4 °C (hrs. ) 
Figure 8. Stability of Collagen Gels from Neutral Salt-Soluble 
Collagen (Purified) Solutions to Storage at 4 °C with Increas�ng Time . 
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case of the crude solution , the greatest amount of dissolut ion which 
occurred in the vitam in E-deficient group occurred in the fir�t 24 hours . 
The information conta ined in Table XVI shows that there was no vitam in 
E-related difference between the amounts of dissolut ion which occurred 
in the acid-soluble fractions . Apparently the crosslinkages which are 
formed in the acid-soluble collagen are quite stable to low temperature 
stress. 
The proline to hydroxyprol ine ratios for purif ied collagens from 
animals on the normal- and low-sulfate diets are presented in Table XVIl . 
It may be noted that no s ignif icant differences appeared between the 
proline to hydroxyproline ratios with vitam in E deficiency except in 
the case of the acid-soluble collagen from the sk�n of ra�s maintained 
on the low-sulfate diets. This difference, for reasons given in footnote 
b in Table XVII , may have been due to cQntamination . 
TABLE XVIl 
PROLINE 'IO HYDROXYPROLINE RATIOS IN PURIF IED COLLAGEN 
FROM NORMAL- AND LOW-SULFATE ANIMALSa 
Vitamin E 
Sufficient Deficient 
Solubility Normal Low Normal 
Groue Sulfate Sulfate Sulfate 
Acid Solubleb 1. 26 0. 99 1 . 16 
Neutral Salt-
Soluble 0. 75 1 .  70 0 . 65 






brne differences between the animals in the low-sulfate group is 
significant , P < 0. 05. This difference may be due to contamination. It 
was found that there was a significant increase in the amount of the 
total nitrogen present as proline nitrogen in the vitamin E-sufficient 
animals. There was no difference in the amount of hydroxyproline nitro­
gen found in the acid-soluble collagen from either group. The increased 
amounts of proline nitrogen in the acid-soluble collagen from the vitamin 
E-sufficient group may be indicative of ·contamination . It should be 
noted that there was no difference with vitamin E deficiency in the 
hydroxyproline content in the acid-soluble, crude extracts. 
CHAPTER V 
DISCUSSION 
The structure of the aorta of the rat has been extensively studied . 
Classically it consists of three layers , the innermost ,  tunica intima, the 
center , tunica media, and the outer layer or tunica adventitia. Investiga­
tion of the fine structure of the aortae nas shown smooth muscle, collagen 
and elastin to be present (14, 1 67 ,  1 68 ,  140). The functions and loca­
tion of these three components have been studied by several workers. 
Ham (14) , using electron microscopy , concluded that the two major elements 
of the aorta, collagen and elastin, while they lie close together and may 
be intertwined about one another in the media , enjoy no physical connec­
tion. The muscle cells and elastic tissue provide structural integrity 
as well as radial and longitudinal extensibility , while the interlacing 
collagen system limits extensibility and provides mechanical strength . 
Pease and Paule (1 67) investigated the mature rat aorta and · found the 
elastin to be present in the media as a fenestrated membrane with collagen 
fibers coaxially interwoven. The adventitia in the mature rat cons isted 
of coaxially oriented collagen fibers. Paule (1 68) investigated the aorta 
of the newborn rat, and found that the media consisted ma inly of elastin 
in contrast to the media of the adult which contains a large amount of 
collagen . The adventitia of the i.nmature rat ' s  aorta contained little 
colla�en, but a large number of fibroblasts. It was found in the aorta 
of m�turing chicks that there was an increase in collagen content with age 
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together with an increased breaking st rength (140) . Several workers 
have reported the physical properties of both collagen and elastin . Colla­
gen has been reported to be less extensible and have a higher modulus of 
elasticity than elas tin (13) . Krafka (167) gives the relative elastic 
moduli of collagenous tissue as 25  to 100 relative units and elastin as 
0 . 02 to 0. 01 units.  Harkness et al. (182) calculated that the modulus 
of elasticity varied with the collagen content of the ascending aorta of 
the dog and only slightly with changes in elastin content . 
From these facts it could be concluded that the extensibility and 
resistance to t�e addition of tension by the aorta is chiefly the funct ion 
of the collagen present . 
The data pr�sented in Tables IV through VI indicat e that vitamin 
E deficiency causes a trend toward weaker aortae per unit of collagen in 
animals fed normal levels of sulfate. The aortae from male animals fed 
the vitamin E-deficient , normal-sulfate diet were weaker per unit of 
collagen than those of their vitamin E-sufficient counterparts . The 
true import of these data is obscured by the somewhat lower collagen 
analysis of the aortae of the vitamin E-sufficient males . This finding 
may have been due to some error in analysis since there were no signifi­
cant differences in the collagen contents of the aortae from the other 
age groups fed the normal-sulfate diets. 
No large changes in the amount of total collagen found in the aorta 
occur after the animal has matured (168 , 169) . Cadavid et al . (170) have 
reported that as an animal ages the collagen becomes more cros slinked as 
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measured by the decline in tne proportional amount of total collagen 
which was soluble in either neutral salt or acid solutions . As the animal s  
fed the vitamin E-sufficient, normal-sulfate diets aged from 80 to 100 
days, a period which marks the end of maturation in th• rat, there was no 
significant decrease in the aortic breaking strength per unit of colla-
gen of the aorta from .the animals fed the vitamin E-sufficient, normal­
sulfate diets. There was a significant decline in the breaking strength 
per unit of collagen of the aortae from the animals fed the vitamin E­
deficient, normal-sulfate diet. If one assumes that the breaking strength 
of the aorta is both a function of the amount of collagen present and of 
the crosslinkage of that collagen, it would appear as though there was 
some failure on the part of the collagen present to form crosslinkages . 
A failure in the formation of crosslinkages is suggested because there 
is no quantitative difference in the amount of collagen produced in the 
aortae from the 80 to 100-day-old female animals . 
The depression of the level of sulfate in the diet to nil resulted 
in a significant decrease in the breaking strength in the 80-day-old females, 
while there was only a trend toward a weaker aorta in the vitamin E-defi­
cient, normal-sulfate animal. 
Decreasing the dieta�y level of sulfate results in about a 50% 
reduction in the level of collagen and a decrease in the . breaking strength 
of the aortae per unit of collagen when compared with the normal level of 
sulfate indicating that the level of sulfate itself may have a definitive 
role in the production and characteristics of the collagen molecule in 
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addition to potentiating vitamin E deficiency as witnessed by the signifi­
cant differences in breaking strength of the aortae per unit of collagen 
in the females . 
The data gathered from the aorta indicate the possibility that 
there was a failure on the part of the vitamin E-deficient rat to form 
mature , crosslinked collagen . This decrease in aortic breaking strength 
per unit of collagen has been interpreted as a reflection of a decrease 
in the quality of the collagen . However, it was observed that those 
aortae from the animals on the low-sulfate diet had a decreased collagen 
content . These observations indicate that inorganic sulfate may influence 
not only the synthesis of collagen, but also the degree of crosslinkage. 
Because of the small amount of collagen available from aortic 
preparations some other tissue had to be selected for a more detailed 
study of the effects of dietary vitamin E and sulfate on the synthesis 
of collagen . Originally the collagen synthesized in the carrageenin­
induced granuloma was investigated, however this system proved far from 
ideal. It was almost impossible to maintain constancy from one injection 
lot to another in the size of the granuloma produced . The data with 
regard to granuloma size and collagen and nitrogen content are of little 
importance other than to indicate that vitamin E deficiency has no signifi­
cant effect on the synthesis of collagen in the granuloma , Reports ( 7 8 ,  
147 )  which appeared after thi$ work was begun showed that the carrageenin 
which was used in this study formed insoluble complexes with collagen at 
acid pH. While it was believed that the extensive mechanicel shaking which 
was used in the extraction of the salt-soluble collagen would remove the 
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carrageenin, practice showed that the physica.1 removal of carrageenin 
was apparently highly variable. However, the data with respect to vitamin 
E sufficiency and deficiency were sufficiently consistant to indicate 
that an increase in soluble collagen may be indicative of a failure to 
form crosslinkages in the fibril . The complications, including deteriora­
tion of the carrageenin, with age, which attended the carrageenin granuloma 
caused it to be dropped as the system of choice. 
The skin of the rat is composed of three layers , the epidennis, 
cerium and stratum germinatium, classically. The skin is a rich source 
of collagen (52) . The collagen of the skin, which has been reported to 
be about 30- 35% of the wet weight, has a moderate turnover (163, 170) and 
is not susceptable to vitamin C deficiency (87) . It is interesting to note 
that there was no change in tot al collagen measured as grams of collagen 
per 100 g of wet skin between vitamin E levels in normal - sulfate dietary 
group. This is in agreement with the findings in the granuloma studies. 
A small, but statistically significant , difference in the a�ounts of total 
soluble collagen present was observed in the skins . The increase in soluble 
collagen in the vitamin E-deficient, normal-sulfate group ' s  skin is in 
agreement with the composition found in the carrageenin granuloma ,  It  is 
noted that there was a trend toward a decrease in the level of neutral 
salt-soluble collagen in the skins from the vitamin E-deficient animal 
while there was an increase in the level of acid-soluble collagen. These 
observations are open to several interpretations . Peacock (171) has pre­
sented evidence to indicate that the level of neutral salt-soluble collagen 
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may be a very good index of the rate of new collagen synthesis. Accord­
ing to currently accepted theory, collagen, in its maturation, may go 
either directly from neutral salt -soluble collagen to insoluble collagen 
or it may proceed to the acid-soluble fraction and then to the ins oluble 
or mature collagen. It is noted that these reactions are not particularly 
reversible, so that once the collagen molecule has reached the insoluble 
stage its breakdown is rather slight. If the molecule goes to the acid­
soluble st age, it either breaks down very slowly to tropocollagen or 
progresses by way of an unresolved pathway to insoluble collagen. The 
acid-soluble collagen buildup together with the buildup of 1. 0 M sodium 
chloride-soluble collagen in the group fed the vitamin E-deficient, 
normal-sulfate diet may be indicative of a blockage in tne maturation 
scheme either by preventing the acid-soluble collagen from progressing 
to the insoluble form or by blocking the progression of neutral s alt ­
soluble collagen to insoluble collagen. Either mechanism would res ult 
in a shifting of its metabolism toward acid-soluble collagen or excretory 
products. In either event vit amin E deficiency appears to result in a 
failure of the molecule to form intermolecular crosslinkages which are 
generally conceded to be necess ary ( 54, 63, 78, 163) to form mature, 
insoluble collagen. 
The results of fractionation of the skins from the low-sulfate group 
were rather surprising. There were no differences in the relative amounts 
of collagen present in a�y of the fractions from the skins of animals in­
either vitamin E-sufficient or -deficient condition. As in the case of 
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the normal-sulfate group there were no difterences in the amount of 
collagen formed per 100 g of wet skin. Comparison between the two levels 
of sulfate without reference to vitamin E status shows that there were 
significant decreases in the production of coliagen per 100 g of skin 
from the animals fed the low level of dietary sulfate. There was a very 
significant decrease in the amount of the newly synthesized neutral 
salt-soluble collagen in the skins of animals fed the low-sulfate diets 
when compared with their controls fed the normal level of sulfate, which 
is indicative of a depression of collagen synthesis. 
The level of dietary sulfate appears to have an independent func­
tion in the synthesis of collagen. Maintenance of animals on low-sulfate 
diets appeared to negate any vitamin E-related increas�s in total soluble 
collagen. Actually reducing the level of sulfate in the diet may have 
caused some change in the synthesis of collagen prior to the site of 
vitamin E action. The finding of a significantly decreased amount of 
newly synthesized, neutral salt-soluble collagen in the skins from 
animals fed low-sulfate diets permits one explanation for the evident 
independent effect of the level of dietary sulfate and the apparent lack 
of vitamin E-related changes in the relative amounts of soluble collagen 
in the skins of animals fed low-sulfate diets. If the progress from 
tropocollagen to insoluble collagen was severely blocked �s in vitamin E 
deficiency, then an increased catabolism of tropocollagen might be expected . 
If the effect of the low-sulfate diet is only to block the synthesis of 
insoluble collagen , it is difficult to explain why vitamin E deficiency, 
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in the low-sulfate group , would not result in a further blockage of the 
formation of insoluble collagen . However , since no vitamin E-related 
effect was demonstrated in the skins of the animals fed low-sulfate diets 
it appears as though the low sulfate level interfers with the synthesis 
of collagen at a site prior to that where vitamin E has its effect . It 
has been shown that the fibroblast requires methionine for its maturation 
during which time it secretes collagen . It should be recalled that 
animals fed a diet limiting in the sulfur amino acids showed a decreased 
collagen synthesis in CCl4 damaged livers ( 100) . It has been shown ( 112 ) , 
that depressing the level of dietary inorganic sulfate results in the 
inadequacy of the recommended 0. 60% of methionine to meet some of the 
normal functions of methionine in the body as measured by the formation 
of sulfated mucopolysaccharides . This inadequacy of methionine could 
result in a decreased fibroblast activity . 
The failure on the part of the vitamin E-deficient animals to 
produce mature collagen is indicative of a failure to either form cross­
linkages or to form stable crosslinkages in the collagen fibril . 
Limitations of collagen to form crosslinkages can be measured 
several ways . Gross ( 152) and others ( 80 , 81) observed that when solµ­
tions of collagen at neutral pH were heated to 37 °G they formed firm , 
opaque gels . When examined by electronmicroscopy , these gels were found 
to consist of fibrils which were identical to collagen fibrils teased from 
dermis ( 80) . Fibril formation from collagen solutions is presumed to re­
sult by the formation of crosslinkages between subunits called a units ( 66 ,  
70 , 83) . Two a units may form one � unit , one � unit plus another a unit 
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form a complete fibril. Wood ( 83) did exten$ive studie� on gel forming 
in collagen solutions . He found neutral salt-soluble fractions to be 
heterogenous , while the acid-solu�le fractions w�re homogenous. The 
various fractions of the neutral salt-soluble fraction had characteristic 
gel-forming times (83) . The ability and rate of gel formation was als o 
believed to be related to the proportions of a. and � components in the 
different fractions ( 83) . Hausmann ( 164) expressed the beliet that the 
rate of gel formation from neutral salt-solutions was a measure of the 
functional groups which form the crosslinkages to produce mature collagen. 
Data have been presented which indicate that the crude , neutral salt­
soluble collagen solutions from the vitamin E-deficient , normal-sulfate 
group formed gels at a slower rate than did those from the vitamin E­
sufficient , normal-sulfate animals. At the end of 30 minutes both curves 
· had essentially 1.eveled off and gelation was presumed to be complete. 
If one accepts Hausmann ' s ( 164) and Wood ' s ( 83) interpretation , then these 
data appear to indicate a deficiency of some component in the vitamin E� 
deficient , normal-sulfate group ' s collagen which prevents the formation 
of these crosslinkages. Since this defect did not appear in tne acid­
soluble fraction , which Wood reported to be homogenous ( 83) , it indicates 
that once the collagen had reached a .more mature stage in the vitamin E­
deficient animal there was no difference in its ability to form crosslink­
ages. Neither the neutral salt- nor the acid-soluble collagen fractions 
from animals fed low-sulfate diets showed any gel formation after 40 
minutes of incubation under identical conditions which produced gels in 
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collagen solutions from animals fed normal levels of sulfate . There were 
no differences with changes in vitamin E status . After approximately 40 
minutes of incubation the collagen solutions from the low-sulfate group 
formed clumps and thready precipitates in some of the tubes, which were 
very atypical . 
It was shown by Wood (83) and Wood and Keech (80) that fibrils 
were formed in two distinct phases as collagen solutions were heated to 
37 ° . The first of these was a nucleation or lag phase and the second , a 
growth phase . The rate of growth after the lag phase was dependent . in a 
large measure on the extent ot nucleation (83) . Wood (83) fractionated 
neutral salt-soluble collagen into three dis tinct fractions, A ,  B and C, 
based on their thermal precipitation characteristics . He also fractioned 
each of these fractions into a and � units (172) . He found that fraction 
A had an a: � ratio of 4: 1 ,  whereas fraction C had an a : �  ratio of 2: 1 .  
Fraction B contained no � component . The C fraction, which was found 
to contain more � subunits compared to a subunits, was the fraction re­
sponsible for nucleation . In the same publication , Wood (172) mentioned 
the fact that it was the A fraction which redissolved on chilling the 
gel to 4 °C while the C or nucleating fraction remained insoluble . 
From this discussion it should appear that the decrease in the 
rate of fibril growth in the collagen solutions derived from the skins 
of animals fed vitamin E-deficient , normal-sulfate diets may be due to 
changes in nucleation which in turn could be due to a decreased amount of 
the more mature � subunit . The fact that the collagen solution derived 
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from the low-sulfate group failed to form a gel and showed a long lag 
period indicates an almost total absence of the nucleating fraction. This 
also carries the implication that there was a limitation in the formation 
of the � subunits in collagen of the animals· fed diets which are low in 
inorganic sulf a·te . 
It appears that reducing the level of sulfate in the diet has an 
effect on the formation of thermal gels in collagen solutions from the 
skin, which is distinct from that effect due to vitamin E deficiency. 
No distinction could be made, on the basis of vitamin E status 1 in· the 
rate of gel formation in the collagen solutions from the skins of animals 
fed the low-sulfate diets. It may also be the case that the methods were 
not sensitive to slight changes. 
It was found that as soluble collagens were incubated for increas­
ing lengths of time there was a decrease in the solubility of these gels 
at 4 °C (152). Gross suggested a direct relationship between the nature 
and number of intermolecular cross linkages formed and the. length of time 
the gel had incubated at 37 °C. Assuming this to be true, than the very 
marked reversibility of gels formed from the vitamin E-deficient, normal­
sulfate group indicated a defect in either the n�ture or the number of 
these linkages. Since, as Hausmann suggested (1 64) , this difference in 
breakdown could be due to either intrinsic or extrinsic factors, the 
experiment was done using purified collagen solutions .  It was noted that 
there was a significant difference· in the rate of dissolution of the 
collagen gel between the vitamin E-sufficient and vitamin E-deficient 
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groups with the deficient one dissolving faster in the first 24 hours . 
It was observed that the rate of breakdown of the collagen gels from the 
skins of vitamin E-deficient , normal-sulfate groups was greatest in the 
0 to 24 hour period , and only increased slightly during the 24 to 48 
hour period. The gels from purified collagens of the skins of the vitamin 
E-sufficient , normal-sulfate animals behaved in much the same manner as 
did the gels from the crude solutions. This may be due to the removal of 
some external factor , but the fact remains that there is a difference in 
the rate of gel dissolution which is attributable to the collagen molecule. · 
An experiment was done in order to find out if a vitamin E-related dif­
ference could be demonst rated in the acid-soluble fraction. The finding 
of no significant difference suggests that once the collagen in the s�in 
of the vitamin E-deficient animal reaches the acid-soluble stage , no 
vitamin E-related effect could be shown . 
Since sulfomucopolysaccharides have been reported to be esseutial 
to the formation of mature collagen fibrils (84 , 125 , 12 6 ,  130) an experi­
ment was conducted to determine if there was any relationship between the 
vitamin E status and the ability of a collagen s olution to form gels with 
a standard mucopolysaccharide solution . Again , there was no difference 
between the vitamin E-sufficient and -deficient groups indicating that the 
more mature , acid- soluble collagen did not show any defect related to 
vitamin E. 
From the data presented it does not appear as though there is any 
creditable change in hydroxylation of hydroxyproline. There are some 
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differences between vitamin E-sufficient and -deficient animal ' s  acid­
soluble col lagen. These differences may only be a reflection of differences 
in purity of the material. 
It must be noted before closing that there are a great many similari­
ties between lathyrism and vitamin E deficiency as indicated by changes 
in aortic breaking strength and a breakdown in the maturation of col lagen 
(1 3 1- 1 34, 1 37) . Both lathyrism and vitamin E d�ficiency have been found 
to cause decreases in the rate of sulfate-s 35 uptake by mucopolysaccharides 1 
(141) which are in turn necessary for normal col lagen synthesis. It is 
interesting to speculate that perhaps this breakdown in mucopolysaccharide 
metabolism is responsible in some manner for the observed results. How­
ever, no data exist to indicate that this i� the case . 
1 See footnote 3, Chapter II. 
CHAPTER VI 
SUMMARY 
A study was conducted to determine if there was demonstrable rela­
tionship between vitamin E and collagen. The aorta was selected as a 
primary assay tis sue since it is dependent upon collagen for its mechanical 
strength. The carrageenin granuloma and later the skin were selected 
as secondary tissues in which collagen might be studied . Because decreas­
ing the level of sulfate in the diet appeared to have a potentiating effect 
on vitamin E deficiency, a low-sulfate dietary group was included in the 
study . 
It was found that during a certain period in the maturation of the 
animal there was a decrease in the breaking strength of the vitamin E­
deficient animals ' aortae when compared with their normal controls. If 
the level of sulfate in the diet was decreased, the decrease in aortic 
mechanical strength, as sociated with avitaminosis E, became more seve re . 
Reducing the level of sulfate alone, caused a 50% decline in the amount 
of col lagen synthes ized in the 80-day -old female group s ' aortae , as wel l  
as, a sharp reduction in the breaking strength of the aortae per unit of 
collagen present, when compared with their normal-sulfate controls. Be­
cause a significant decline with increasing age in the mechanical strength 
of the aortae per unit of collagen present could be demonstrated with 
avitaminosis E in the normal-sulfate level females , a defect in forming 
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crosslinkages in the collagen molecule was suggested. 
Collagen fractionation studies we re carried out in the granulomata 
and skins . It was found that there were significant increases in the acid­
soluble and total soluble collagens in the skins from the animal raised 
on the vitamin E-deficient , normal-sulfate diet . There was a depression 
in the amount of salt-soluble collagen which was pre�ent in the vitamin 
E-deficient group . An extensive salt fractionation indicated that there 
was a buildup of the more mature 1 . 0  M soluble fraction . These data 
were interpreted as an indication of a btockage in the formation of normal 
crosslinkage the collagen moelcule resulting in its subsequent failure 
to mature in the normal manner. 
Subsequent studies were conducted to determine if there was a 
failure on the part of the collagen solutions from the vitamin E-deficient 
group to form stable crosslinkages , in vitro, as measured by the resolu­
tion of collagen gels at 4 °C. It was found , using both crude and purified 
preparat ions, that a decreased rate of formation of thermal gels did 
occur in collagen solutions obtained from vitamin E-deficient animals and 
these gels broke down quite readily in the first 24 hours at 40 °C .  
The data gathered from the purified collagens are indicative of a defect 
in the collagen molecule itself rather than being due to some external 
factor present in the crude solutions . The defect appeared to be 
principally in the salt -soluble fraction since there were no detectable 
differences in the behavior of the acid-soluble fractions obtained from 
the vitamin E�sufficient and -deficient animals . 
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When the skins from the low-sulfate group were fractioned into 
neutral salt-soluble , acid-soluble and insoluble fractions there was no 
vitamin E-related change. There were differences between the normal� 
and low-sulfate groups . Just as was the case in the aortae, the low­
sulfate animals produced significantly less collagen in tneir sk ins than 
did their normal-sulfate controls . There was a significant �ecrease in 
the amount of neutral salt-soluble collagen produced in the low-sulfate 
group when compared with their normal-sulfate controls which may be 
indicative of a depressed rate of synthesis of collagen in the low-sulfate 
animal. It has been shown that the reduction of the level of sulfate to 
nil caused the 0. 60% methionine in the diet to become insufficient for 
· all of the functions of that amino acid in the diet. The reduction in 
the amount of collagen produced in the skins of animals fed low-sulfate 
diets was explained on the basis of methionine becoming a limit ing amino 
acid on the low-sulfate diet . The fibroblast is known to require methio­
nine for development and collagen biosynthesis. It was found that neutr�l 
salt - and acid-soluble collagen from the low-sulfate animal would not form 
a thermal gel, indicating a serious defect in the molecule . 
It was concluded that a vitamin E-relat ed effect on co l lagen meta­
bolism can be demonstrated, namely a failure to form crosslinkages in the 
molecule which normally occur in fibril formation . This failure was 
apparently m�nifested in an age-related decline in aortic breaking strength . 
It was further concluded that reducing the level of inorganic sulfur in 
the diet resulted in an inhibition of collagen biogenesis and a serious 
defect in the collagen formed, namely the inability to form intramolecular 
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crosslinkages. This failure was more severe than that noted in vit amin 
E deficiency . Reducing the level of sulfate in the diet appeared to have 
an effect independent of that of vitamin E. 
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